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ABSTRACT
LATERAL TRACHEAL AND ESOPHAGEAL DISPLACEMENT IN
AVIALAE AND MORPHOLOGICAL IMPLICATIONS FOR
THEROPODA (DINOSAURIA: SAURISCHIA)
Jeremy J. Klingler, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Virginia L. Naples and Reed P. Scherer, Co-directors
This research examines the evolution, phylogenetic distribution, and functional
explanations for a peculiar and often overlooked character seen in birds, herein called tracheal
and esophageal displacement. Of special interest to this study is examining whether the trait was
present in non-avian theropod dinosaurs. This study found that essentially all birds are
characterized by a laterally displaced trachea and/or esophagus. The displacement may occur
gradually along the neck, or it may happen immediately upon exiting the oropharynx.
Displacement of these organs is the result of a heavily modified neck wherein muscles that create
mobility restrictions in lizards, alligators, and mammals (e.g., m. episternocleidomastoideus, m.
omohyoideus, and m. sternohyoideus) no longer substantially restrict positions in birds. Rather,
these muscles are modified, which may assist with making tracheal movements.
An exceptionally well-preserved fossil theropod, Scipionyx samniticus, proved to be
paramount. Its in situ tracheal and esophageal positions and detailed preservation (showing the
hallmarks of displacement including rotation, obliquity, a strong angle, and a dorsal position in a
caudad region of the neck) demonstrate that at least some theropods were characterized by
tracheal and esophageal displacement. Ultimately, the presence of the trait correlates with a
highly flexible neck, allowing slack and permitting for the organs to save length as they avoid
the long curves of the S-shaped neck.
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CHAPTER 1
ON THE MORPHOLOGICAL DESCRIPTION OF TRACHEAL AND ESOPHAGEAL
DISPLACEMENT AND ITS PHYLOGENETIC DISTRIBUTION
1.1. Introduction
1.1.1. General Introduction
Despite a wealth of books and studies devoted to avian anatomy, very little attention has
been paid to the “visceral geography” (Quick, 2008), or the relative position, of the trachea and
esophagus in birds or other vertebrates. Owing to a great understanding of mammalian
morphology, it might seem intuitive to think that the position of all other vertebrate tracheae and
esophagi would be much as in humans, with the esophagus dorsal to the trachea and both being
directly medioventral in the neck. However, the relative positions of these anatomical features
have really only been examined sparsely or noted in detail in comparative studies. These
mentions are only brief, vague, and made in passing. Although it may seem unimportant or
maybe even obvious, an otherwise fascinating aspect regarding the esophagus and trachea has
therefore been overlooked. The esophagus and trachea are actually often greatly lateralized in
birds. That is, rather than a medioventral placement relative to the body of the neck (vertebrae
and their surrounding muscles) for the trachea and the esophagus, these structures may lie lateral
to the body of the neck. In fact, as will be detailed later in this study, there are a few unique ways
in which this lateralization occurs in birds.
The earliest mentions of a lateralized esophagus came from MacAlister (1864), Böker,
(1931), and Niethammer (1933). These authors briefly noted that, generally, the esophagus of

2

birds lies to the right of the midline of the neck. Sakas (2002) also reported that the avian
esophagus tends to lie on the right side of the neck, while the trachea is a mobile organ.
McLelland (1989) similarly described the avian trachea as a highly mobile organ. The issue of a
lateralized esophagus was also briefly mentioned in a thesis about ostrich anatomy by Tivane
(2008). Various other researchers (e.g., Bezuidenhout, 1986, 1999; Deeming, 1996) have also
noted the lateralization of the esophagus in the ostrich and that it lies right lateral and dorsal to
the trachea. Snively (2006) also noted that the trachea of birds may deviate from the midline but
mentioned that such placement only occurs at the transition between the cervical and dorsal
vertebrae (i.e., at the most caudal region of the neck near the entrance to the thoracic cavity
where it may enter laterally). In both crocodilians and birds, the trachea lies close to the ventral
edge of the neck (Snively, 2006). No doubt most other researchers, veterinarians, and students of
avian anatomy have also noticed this lateralization. However, in the literature, this fact is rarely
discussed.
While this unusual occurrence certainly has been reported previously, little has been said
regarding the specifics of it, nor has a great understanding of the phenomenon been achieved.
The important questions of how birds achieve this arrangement structurally (that is, what
muscular arrangement allows for this) and what the functional significance of such an
arrangement might be has not been previously addressed. Clearly there is a particular, distinctive
anatomical arrangement that is exhibited at least in some birds. Furthermore, no detailed
description of this had yet been made prior to this report. Hereafter, this morphological
occurrence is named tracheal and esophageal displacement, or TED.
In this thesis, I propose to address the following questions. First, what unique anatomical
features or structural modifications allow for this arrangement to exist in birds? Second, what is
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the phylogenetic occurrence of displacement both in extant aves or other amniotes, such as nonavian outgroups such as, turtles, lepidosaurs, and non-avian archosaurs. Third, did dinosaurs
display displacement and what is the evolution of this trait? Lastly, what is the functional
advantage of this arrangement?

1.1.2. Description of Archosaur Esophageal and Tracheal Anatomy
The avian digestive system has evolved to process unmasticated foods to allow for
storage and later digestion. Lacking masticatory capabilities, birds are limited in the size of the
bolus that can enter the mouth, and birds have very little saliva to accommodate the passage of a
bolus (Gill, 2007). Instead, the esophagus contains mucous-secreting glands to facilitate the
passage of food (Feduccia, 2011). Rather than starting the chemical digestion of food in the
mouth by saliva, birds begin the process in the proventriculus (an anterior glandular portion of
the stomach). Then, from there the food is physically digested in the muscular gizzard (Gill,
2007). In carnivorous birds, the well-developed proventriculus secretes gastric juices that can
reach a pH between 0.2–1.2, acidic enough to dissolve bones rapidly (Gill, 2007).
The esophagus is a muscular tube through which food and water pass to reach the
stomach for digestion. The reverse can also occur for those species that are capable of
regurgitation. The esophagus is layered from the lumen outward as follows: mucosa, submucosa,
muscularis externa (consisting of circular and longitudinal muscles), and adventitia. The mucosa
of the avian esophagus is lined by an incompletely keratinized stratified squamous epithelium
with subepithelial mucous glands (King and McLelland, 1984). The thickness of the epithelial
layers is highly variable among species (Bartels, 1895). The lamina propriae mucosae is a thin
layer of fibrous connective tissue between the epithelium and the muscularis mucosae which
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may or may not extend as ridges or papillae into the mucosa (Schumacher, 1927). The
muscularis mucosae, consisting of longitudinally oriented smooth muscle fibers, is thick (Farner,
1960). A poorly developed submucosa is present. Further, there is a very poorly developed outer
longitudinal layer and a well-developed inner circular layer of the tunica muscularis (Bartels,
1895). The crocodylian esophagus has the typical layers of the vertebrate enteron as well. The
epithelium in the anterior region is more folded and thicker than is that of the posterior region.
The submucosa is thick and composed of a dense mass of connective tissue, mainly elastic
fibers, through which are scattered small blood vessels and longitudinal bundles of involuntary
muscle fibers (probably representing muscularis mucosa) (Reese, 1915). In the anterior region,
this muscularis mucosa is not well developed. It is less apparent than in the posterior region in
which it is a well-developed and distinct layer which lies midway between the epithelium and the
circular layer (Reese, 1915). Outside the mucosa is a thick circular layer of involuntary muscle
fibers collected into irregular bundles. Between these bundles are narrow spaces filled with
connective tissue that contain a few small blood vessels. Surrounding the circular layer is a
thinner layer of longitudinal muscle fibers separated from each other by a considerable amount
of connective tissue (Reese, 1915). The serosa is indistinct in the anterior region, consisting of
slightly vascular connective tissue, but is distinct in the posterior region (Reese, 1915).
The esophagus has incredible elastic abilities and is capable of a tremendous amount of
distension. As a number of birds and crocodylians swallow large prey items whole, the utility of
a highly distensible esophagus is apparent. Additionally, many birds and crocodylians are known
to regurgitate undigestable portions of their food such as bones and keratinized structures (e.g.,
fur and nails) in regurgitates. Again, a highly distensible esophagus would serve a great function
for this purpose. In general, the esophagus has a wider diameter and a greater degree of
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longitudinal folding in species in which food consists of bulky items and also in species in which
the esophagus as a whole has a storage function (Farner, 1960). Meckel (1829), Gadow (1891),
and Swenander (1899, 1902) noted this to be the case for birds such as storks, herons, coots,
gulls, hawks, owls, loons, and grebes, among many others.
In many species of birds, the esophagus expands into the ingluvies, or the crop. The crop
can take a variety of forms, such as a simple, expanded esophageal section; a lobed, sac-like
diverticulum; and a large bilobed diverticulum (Gill, 2007). The esophagus may also serve a role
in storage of excess food in certain birds which lack a crop, such as penguins or gulls (King and
McLelland, 1984). An inflatable crop-like diverticulum called an esophageal sac is possessed by
a few species such as the prairie chicken, the great bustard, and the sage grouse. This structure is
used to show off to potential mates (King and McLelland, 1984). An esophageal diverticulum
can actually also take on the role of a resonator in, for example, the Amazonian umbrellabird
(Cephalopterus ornatus) (Sick, 1954), the Australian bustard (Eupodotis australis) (Garrod,
1874a, b), the ostrich and the pigeon (Gill, 2007), and grouse and bitterns (Feduccia, 2011). This
occurs from transmission of air from the lungs through the glottis into the esophagus. From
there, air is prevented from leaving the posterior pharynx by two ventral pairs of fleshy pads.
These are brought into contact via a dorsal pair on the roof of the pharynx by elevation of the
base of the tongue (Clarke et al., 1942).
The esophagus and trachea are joined to the neck as they are to one another in loose
association by connective tissues. The trachea lies between the prevertebral and pretracheal
fascia. It is loosely anchored to the vertebral column within these fasciae (Snively et al., 2013).
The trachea starts immediately after the last cartilage of the larynx and terminates at the forking
to the bronchi, the carina. The larynx is composed of the cartt. laryngeales which is formed by
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paired cartt. arytenoidea, a single cartt. cricoidea, and a cartt. procricoidea (Onuk et al., 2010).
The trachea is composed of tracheal cartilages which may be complete or incomplete depending
on the species. However, most birds have complete tracheal rings which provide better
protection for a trachea that moves freely (Sakas, 2002). Having complete rings seems to be an
adaptation against collapse, as does the mineralization of the rings (Hogg, 1982).
The tracheal cartilages are joined to other cartilages by circular annular
(intercartilaginous) ligaments (Mathey, 1965). The trachea from the lumen outward is composed
of mucosa, submucosa, perichondrium, hyaline cartilaginous ring, and adventitia. The trachea is
lined by ciliated pseudostratified epithelium (Salt and Zeuthen, 1960). Many birds have ossified
cartilaginous rings. In all passerines, the tracheal rings are ossified (King and McLelland, 1984).
In pigeons, however, the trachea is partly ossified on the ventral side but incomplete dorsally. It
is held open by hyaline cartilaginous rings (Salt and Zeuthen, 1960). The tendency of the
tracheal cartilages to ossify was even noted as a distinguishing feature of birds by Huxley (1871).
Bird necks are on average ca. 2.7 times longer than that of a mammal of similar body
weight (King and McLelland, 1984). This length increases resistance to air flow in the trachea,
although this is compensated by an increased tracheal radius of about 1.3 times that of a mammal
(King and McLelland, 1984). Thus, resistance to tracheal airflow is nearly the same in birds and
mammals of similar weight, although the dead space of a bird trachea is four times greater (King
and McLelland, 1984).
The larynx of the bird, located at the top of the trachea, lacks vocal cords. It serves only
to keep food and water out of the respiratory tract (Gill, 2007). Instead, it is the syrinx that
produces calls and songs. The syrinx is located where the trachea branches into the bronchi. It is
composed of cartt. tracheosyringeales and cartt. bronchosyringeales (Onuk et al., 2010). The
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syrinx utilizes nearly 100% of the air to make sound (Gill, 2007). Syringeal muscles control the
syrinx. The syrinx plays a more prominent role in oscine birds. These animals have elaborate
musculature consisting of six pairs of intrinsic syringeal muscles as well as extrinsic muscles
(Gill, 2007). The intrinsic muscles have both their origin and insertion points on the trachea or
bronchi while the extrinsic muscles originate on the sternum and insert on the trachea (Salt and
Zeuthen, 1960). The production of sound results from a complex interaction of respiratory
muscles, the length and diameter of the trachea, the bill, and of course the syrinx itself (Gill,
2007). In fact, the length and diameter of the trachea can filter and modify sounds (Nowicki,
1987). Certain birds, such as cranes and swans, have unusually long, coiled tracheae which are
used to modulate sounds (Gill, 2007).

1.1.3. Aim of the Study
The aim of this study is to provide the first detailed anatomical description of lateral
tracheal and esophageal displacement in the context of explaining what allows it as well as
understanding its phylogeny. To understand tracheal and esophageal displacement (TED), a
working definition is generated to recognize it. Tracheal and esophageal displacement is defined
here as any of a number of asymmetrical conditions seen in vertebrates wherein either the
trachea, the esophagus, or both are laterally offset from the midline of the neck for an
appreciable length of the neck and/or thorax. As will be examined later, several different
conditions of lateral displacement exist. These lateralized conformations contrast with what
might be thought of as a “normal” condition where both the trachea and the esophagus lie in the
ventral midline of the neck.
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Morphological data acquired from dissecting extant organisms was used to help interpret
and later reconstruct the internal anatomy of theropod dinosaurs (Chapter 2). These methods also
provide a functional explanation for the existence of this anatomical arrangement (Chapter 3).
Observations on fossil taxa are also discussed here. This study’s scope encompasses functional
morphology, comparative anatomy, and phylogenetics to infer paleobiological interpretations
later.

1.2. Methods
A general comparative anatomical survey of neontological specimens was conducted.
Morphological data were collected by dissecting the necks of a wide range of extant organisms.

1.2.1 Dissections
Data were collected from the dissection of a number of amniotes. Measurements of the
trachea and esophagus were made using digital Vernier calipers in millimeters. Photographs of
specimens and measurements were taken using a Canon EOS 5D Mark II camera and a Samsung
ST150F camera (16.2MP Smart WiFi digital camera with 5x optical zoom and 3.0” LCD
screen). A myriad of extant species were dissected to develop a substantial phylogenetic
comparison. Species bought through Carolina Biological Supply Company (Burlington, NC)
included: Pseudemys concinna, Anolis carolinensis, and Columba livia preserved in Carosafe®.
A few bird specimens came from the Northern Illinois University Department of Biological
Sciences. Most birds were salvaged in accordance with the Illinois Department of Natural
Resources Scientific Collecting Salvage Permit (Permit Number: NH14.5773). These specimens
were fresh, frozen, and then thawed. Two juvenile female Alligator mississippiensis specimens
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were provided by the Rockefeller Wildlife Refuge with a Louisiana Department of Wildlife and
Fisheries Special Alligator Permit. All specimens personally dissected are listed in Table 1.1
below. Remarks made of other birds came from the literature and personal observations.

Table 1.1
Specimens Dissected
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1.2.2. Radiographs
Radiographs of many specimens were taken prior to dissection to ensure accurate
interpretation of tracheal and esophageal placement before any potential unintended
manipulation occurred as a result of the handling of the specimen and during its dissection.
Radiographs were taken using a GE MOBILE 100-15 X-ray unit.

1.2.3. Fossil Specimens
Although rare, occasionally the trachea and/or esophagus may be fossilized. Select fossil
taxa of interest that have had these organs preserved are discussed. Additionally, it is assumed
that these elements’ positions are based on comparisons with living taxa. A complete list of fossil
taxa preserving these elements can be found in the Appendix.
Institutional Abbreviations:
BSP = Bayerische Staatssammlung für Paläontologie und Historische Geologie, München,
Germany
FMNH = Field Museum of Natural History, Chicago, Illinois
GMV = Geological Museum of China, Beijing, China
HLMD = Hessisches Landesmuseum, Darmstadt, Germany
LACM = Los Angeles County Museum of Natural History, Los Angeles, California
MSNM = Museo Civico di Storia Naturale di Milano, Milan, Italy
NIGP = Nanjing Institute of Geology and Paleontology, Nanjing, China.
SBA-SA = Soprintendenza per i Beni Archeologici di Salerno Avellino Benevento e Caserta,
Salerno, Italia
STM = Tianyu Museum of Nature, Shandong Province, China
TMP = Royal Tyrrell Museum of Paleontology, Drumheller, Alberta, Canada
UAM = Alabama Museum of Natural History, University of Alabama, Tuscaloosa, Alabama
USNM = National Museum of Natural History (Smithsonian Institution), Washington DC
WDC = Wyoming Dinosaur Center, Thermopolis, Wyoming
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1.3. Results
1.3.1. Phylogenetic Distribution of Displacement
This section discusses the details of the visceral geography of the trachea and esophagus
and whether certain vertebrates exhibit tracheal and esophageal displacement. The visceral
geography of examples of exceptionally preserved fossil taxa will also be discussed.
Extant Taxa
Order Chelonia; Suborder Cryptodira; Family Emydidae
Pseudemys concinna
Turtles (e.g., the eastern river cooter) show a normal medioventral positioning of the
esophagus and trachea (Fig. 1.1). Both elements are tightly surrounded by thick hyoid and neck
musculature. Although the turtle exhibits a normal medioventral route for the trachea and
esophagus along the length of the neck, once inside the thorax, they exhibit a slight but
noticeable left turn. The stomach, for instance, is positioned on the left side of the body.
Therefore, the esophagus must detour significantly to the left to reach it. Interestingly, near the
point where the trachea branches into the bronchi, it rotates to lie on its side. Thus, where the
bronchi enter the lungs they too lie on their sides. The esophagus is consistently flat along its
length, whereas the trachea remains subcircular.
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Figure 1.1. Ventral views of Pseudemys. Top: The turtle trachea is seen to run straight and is
tightly surrounded by muscles. Scale bar = 36 mm. Bottom: Neck muscles reflected away to
expose the course of the trachea and esophagus (deep to the trachea). Scale bar = 9 mm.
Order Squamata; Suborder Serpentes; Family Boidae
Corallus caninus
The emerald tree boa has a straight trachea and esophagus (Fig. 1.2), although it does not
appear to be wholly restricted on the sides. As this specimen was not personally dissected, nor
were other snake specimens, it is not possible to say much with regard to snake tracheal and
esophageal features. Regrettably, I had few snakes to test experimentally, but it remains
convincing to think that those snakes that consume large boli should be able to slide their
tracheas to the side to prevent crushing of the rings.
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Figure 1.2. Emerald tree boa trachea. Image courtesy of Robert DePalma.
Suborder Lacertilia; Family Polychrotidae
Anolis carolinensis
The anolid conforms to a normal tracheal and esophageal position with a typical
medioventral placement (Fig. 1.3). The neck is short, at an average of 4.6 mm. The trachea is
circular and small at an average diameter of 0.7 mm. The undistended esophagus is at its
broadest and flattest shape in the most immediate cranial region. Shortly thereafter, the
esophagus becomes circular as it approaches the stomach. The average diameter of the anolis
esophagus is 1.0 mm.

Figure 1.3. Anolis carolinensis. Left – course of the trachea (Tra). Right – course of the
esophagus (Eso).
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Superorder Archosauria; Order Crocodylia; Family Alligatoridae
Alligator mississippiensis
Two juvenile alligators were examined. The specimens were 102.9 cm and 91.4 cm in
total length. The total tracheal length from the posterior end of the larynx to the carina of the
102.87 cm specimen was 14 cm. It was about nearly equal in lateral diameter throughout its
length (9.5-9.2 mm), except for the more posterior region, and especially in the most caudal
region, as it approached the carina. At this point, it became a millimeter smaller (8.5 mm). The
trachea is somewhat flattened, making a more ovoid ring with a dorsoventral diameter ranging
from about 5 mm cranially to 4 mm caudally. Once inside the thorax, the trachea became smaller
and more circular. The alligator trachea exhibits between 50 – 60 cartilaginous rings (Reese,
1915). There were 60 rings in the 102.9 cm long individual. The number of rings does not
increase with age (Rathke, 1866). Crocodylians exhibit a complete trachea. However, a small
number of those rings may in fact be open dorsally, making them incomplete C-shaped rings,
which widen as the trachea approaches the larynx (Rathke, 1866). The bronchi may also be open
in young individuals; however, they close quickly (Reese, 1915). The subcircular primary
extrapulmonary bronchi decreased in diameter from 4.2 – 3.2 mm laterally and dorsoventrally
from 2.9 – 2.5 mm. The length of the primary extrapulmonary bronchi were 18.3 mm in length.
The esophagus’s lateral diameter varied. Cranially, the esophagus was measured as
approximately 17.5 mm. In the middle region it was about 18.2 mm, and caudally it was around
16.8 mm. The undistended width of the dorsoventral diameter was constant at about 1.1 mm. The
esophagus of the alligator contains many longitudinal folds which increase the range of
distension for the accommodation of large boluses. In crocodylians the esophagus is separated
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from the oral cavity and the entrance to the trachea by a transverse fold. This structure projects
from the floor of the mouth and joins a shorter fold descending from the cranial floor (Gans,
1976). The alligator esophagus has prominent straight, deep, longitudinal folds. Parsons and
Cameron (1977) described the longitudinal folds of the esophagus of Alligatorinae as
maintaining the same diameters for the entire length of the esophagus. They also described the
folds in Crocodylinae as being broader, rougher, more irregular, and of a more variable diameter
than in Alligatorinae. A crocodyliform with an esophagus of greater interest is Caiman
crocodilus, which in the region near the stomach has transversely running folds (Parsons and
Cameron, 1977).
The alligators show the typical medioventral placement of both the trachea and the
esophagus (Figures 1.4 – 1.6). Once inside the thorax, though, the trachea became slightly
dorsally deflected. It was observed that the trachea was capable of some mobility and thus
potentially could be lateral at times. For instance, the organs could be lateralized in instances
where large boluses might push the trachea ventrolaterally. In fact, sectioning the neck of an
alligator showed this. In the anterior region, the trachea is firmly held in the midline. Even after
having expanded the esophagus a considerable degree to simulate the presence of a large bolus,
the trachea remained in the ventral midline firmly attached to infrahyoid muscles. The trachea
would not move farther to the side without bringing those muscles with it. As in the anterior
region, the trachea was initially in the ventral midline of the posterior region. Contrary to the
anterior region, though, in the posterior region, when the esophagus was expanded, the trachea
easily and readily slid somewhat laterally (Fig. 1.6). The reason for the asymmetrical slide in this
region is due to the presence of the thin, flat, anteriorly projecting episternum. The episternum’s
presence creates a necessity for lateral sliding as a largely distended esophagus might otherwise
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crush a trachea that was fixed in the midline position. If such is the case in a living specimen,
then lateralization would only be brief and circumstantial. Ultimately, though, lateralization was
not observed as the primary condition, and it probably is not likely in A. mississippiensis except
momentarily when substantially sized boluses pass along the neck.

Figure 1.4. Alligator neck with and without muscles. Left – Skinned alligator neck with muscles
still attached. Arrow points to region where trachea is barely visible through aponeuroses. Right
– Alligator neck with infrahyoid muscles reflected.

Figure 1.5. The full course of the alligator trachea running along the midline of the body. Scale =
15 cm.
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Figure 1.6. Room in the neck for expanded esophagus and tracheal placement. Left – posterior
view of anterior section. Right – anterior view of posterior section. Note positions of trachea.
Scale bars = 8 mm (top) and 32 mm (bottom).

Family Crocodylidae
Crocodylus niloticus
Although no crocodilid specimens were available for dissection, photographs, diagrams,
and literature reviews provided very useful insights into crocodilid anatomy. Alligatorid and
crocodilid crocodylians differ in three important ways. First and foremost is the presence of
tracheal elongation and looping. Tracheal elongation and looping occurs when the trachea is
excessively long, longer than the necessary length to reach from the oropharynx to the lungs.
Reese (1915) observed that many crocodylians exhibit looping, and that some species exhibit this
looping before hatching while others not until well after hatching. Elongation and looping does
not occur in A. mississippiensis (Reese, 1915). This was confirmed from specimens in this study.
Schachner and colleagues (2013a) noted that smaller individuals of the Nile crocodile,
Crocodylus niloticus, lacked looping, while older and larger specimens displayed notable and
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significant tracheal elongation and looping. The second important distinction is that crocodilids,
unlike alligatorids, exhibit tracheal displacement. Schachner et al., 2013a, showed that in smaller
crocodilid crocodylian specimens the trachea and the esophagus were situated in the ventral
midline of the neck. Interestingly, though, Schachner and colleagues (2013a) further noted that
asymmetry of the trachea exists in larger crocodylians as the trachea actually runs along the side
of the esophagus making marked hairpin turns before entering the lungs (Figures 1.7 and 1.8).
Reese (1915) also suggested that there was a lateral bend in the trachea of gavials (Family:
Gavialidae). The displaced trachea in the Nile crocodile does not appear to exhibit any rotation
onto the side, but rather remains situated so that the dorsal side of the trachea faces dorsally
throughout. The last major distinction between A. mississippiensis and C. niloticus was that aside
from an elongated trachea, the primary extrapulmonary bronchi were also elongated (Fig. 1.8),
being drawn out into an S-shaped curve laterally, caudally, and dorsally (Schachner et al.,
2013a). The elongation of the bronchi also positions the carina of the trachea more proximally
(Schachner et al., 2013a).

Figure 1.7. Right lateral view of C. niloticus. Tra = trachea; Eso = esophagus. Image courtesy of
Dr. Joy Reidenberg.
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Figure 1.8. Ventral view of the lower cranial section, cervical, and upper thoracic anatomy of
Crocodylus niloticus. The trachea is seen positioned left laterally to a significant degree.
However, the infrahyoid musculature has been removed, perhaps allowing for greater
lateralization. The trachea then enters the thorax laterally. Once inside the thorax, it becomes a
looping structure before entering the lungs. Image courtesy of Dr. Joy Reidenberg.

Class Avialae; Superorder Palaeognathae; Order Struthioniformes; Family Struthionidae
Struthio camelus
Tivane (2008) noted that in ostriches, the cranial portion of the esophagus lies in the
midline and dorsal to the trachea to which it is attached along its ventrum by connective tissue.
More caudally, the esophagus is situated laterally to the right of the midline (Tivane, 2008; Fig.
1.9). Various other researchers (e.g., Bezuidenhout, 1986, 1999; Deeming, 1996) observed the
lateralization of the esophagus in the ostrich and that it lies on the right, lateral and dorsal to the
trachea. Furthermore, Huchzermeyer (1998) and Bezuidenhout (1999) noted that in ostriches at
the level of the sixth cervical rib, the esophagus expands into the proventriculus.
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The ostrich digestive system is simple and in most respects similar to that of other
herbivorous birds, but ratites also consume insects and small animals (Tully and Shane, 1996;
Deeming, 1999; Davies, 2002). The esophagus is mobile and expandable, and ratites swallow
their food whole (Blache et al., 2005). The crop is absent in all ratites, but the structure of the
stomach varies among species (Tully and Shane, 1996). Ostriches ingest gastroliths up to 2.5 cm
in diameter to aid in the overall grinding process (Feduccia, 2011).
The trachea has complete cartilaginous rings and makes a tube 114.3 cm in length,
(MacAlister, 1864). Owing to its mobile nature, the trachea may certainly become lateralized in
the posterior region. Observations of the necks of captive, living individuals also indicates a
lateral trachea which may not become situated laterally on the right until the mid to caudal
regions. It is easy to see its lateralization in living individuals because of their large size.

Figure 1.9. Ventrolateral view showing the course of the trachea (Tr) and esophagus in Struthio.
The proximal esophagus (Pe) lies in the midline dorsal to the trachea while the middle esophagus
(Me) lies laterally right of the trachea and the distal esophagus (De) lies dorsal to the trachea.
Adapted from Tivane (2008).
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Superorder Neognathae; Order Galliformes; Family Phasianidae
Tympanuchus cupido
Personal observations of a juvenile prairie chicken, Tympanuchus cupido, revealed a
tracheal and esophageal placement in which both organs lie together on the right side. The
presence of a crop did not cause a divergence of the trachea away from the esophagus, but rather
the two ran together, parallel to one another. Beginning around the end of the midsection and the
start of the posterior region of the neck, the trachea is seen to deviate from the typical vertebrate
tracheal placement, running slightly ventral to the esophagus. It was seen to run dorsal to the
esophagus as the esophagus expanded into the crop.

Order Anseriformes; Family Anatidae
Branta canadensis
In the Canada goose, the trachea and the esophagus are situated along the midline of the
neck for most of its length. Only in the posterior region did the trachea and esophagus become
situated on the right side (Figure 1.10). The trachea was further seen to dip well below the
cervical column in the cervicodorsal region at a 50˚ angle where it makes contact with the
hypocleidum of the furcula and enters the interclavicular air sac. It then curves up the m.
pectoralis secundus at a 40˚ angle, entering the thoracic cavity back from the midline (Figure
1.11). This ventral dipping creates an elongated trachea. For a review of which species of birds
exhibit an elongated trachea, see Fitch (1999). While Fitch (1999) did not discuss or list B.
canadensis as a species which exhibits elongation, this study does. While it may be only a small
amount of elongation, it is still elongated. In the posterior region of the neck, the trachea rotates
to lie slightly on its side as it courses from a lateral position closer to a mid-ventral position. The
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esophagus, however, remained tightly appressed to the cervical column throughout its length.
While coursing along the anterior to midsection of the neck, the esophagus remained dorsal to
the trachea, but also shifted right of the trachea to lie right laterodorsal to it. Humphrey (1958)
detailed the lateralization of the trachea in the Hawaiian goose, Branta (formerly Nesochen)
sandivicensis, which, unsurprisingly, was very similar to observations of the Canada goose.

Figure 1.10. Ventral view of the course of the trachea and esophagus in B. canadensis.

Figure 1.11. Left lateral view of the posterior trachea and esophagus entering the thoracic cavity
with the left wing and pectoral girdle sectioned out. Eso = esophagus.
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The ovoid trachea decreases in lateral diameter from 11.2 mm to 8.3 mm from the
anterior to the mid-cervical region; from the mid to posterior cervical region it increased to 10.7
mm. Dorsoventrally, the diameter decreases from 10.4 mm to 8.8 mm anteriorly to posteriorly.
In another individual, the trachea gradually decreased diameter (lateral: 12.6 – 10 mm;
dorsoventral: 9.6 – 6.8 mm). Counter to the trachea, the esophagus increases in lateral diameter
anteroposteriorly from 8.8 mm to 11.5 mm. Its dorsoventral diameter remains constant along its
length at roughly 1.1 mm.

Aix sponsa
The wood duck exhibited lateralization of the esophagus and trachea in such a way that
both elements were lateralized together on the right side of the neck. The esophagus lay to the
right lateral side and dorsal to the trachea. They both lie somewhat medially in the immediate
vicinity of the oropharynx. Upon approaching the end of the cranial region, the two rotated so
that the dorsal sides faced medially. Additionally, due to the curvature of the neck, the two lie
dorsolaterally in the caudal region of the neck. When the neck was stretched forward, the two
elements were positioned well ventrolaterally from the cranial to the middle sections of the neck,
although at the most caudal section they no longer were situated ventrally. Unlike when the neck
was in its normal position, they did not lie dorsal to the vertebrae in this region (Fig. 1.12).
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Figure 1.12. Aix sponsa neck. Top left – right lateral view; Top right – right lateral view of
stretched neck; Bottom left – front view; Bottom right – front view with neck cut to show
esophageal and tracheal positions as they enter the thoracic cavity.

Anas platyrhynchos
Both males and females showed the same arrangements with the trachea and esophagus
coursing along the ventral midline in the upper neck while lateralizing and rotating starting in the
middle of the neck (Fig. 1.13). The positions and pathways of these organs are extremely similar
to that of the wood duck, although the organs do enter the thorax at a somewhat higher position
than that seen in Aix.
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Figure 1.13. Anas platyrhynchos right profile. Scale bar = 15 cm.
Order Columbiformes; Family Columbidae
Columba livia
The rock pigeon displays clear displacement of the trachea and esophagus. Even within
species, noticeable variation of tracheal and esophageal displacement exists in these birds to
varying degrees. In contrast to what is observed in the ducks, where both the trachea and
esophagus lay together on the same side, the pigeon achieves displacement in its own unique
way involving the two diverging so that each organ is on a different side of the neck (Fig. 1.14).
In some, the trachea and esophagus were only slightly lateralized while in others they were
greatly lateralized. The undistended esophagus lies flat along the right lateral/ventrolateral side
of the neck. Due to a specialized and large, bilobed crop, the esophagus in the pigeon was
considerably shortened. Also affected by the crop was the trachea, which was deflected dorsally
in the more posterior region of the neck as it approached the thoracic inlet. When the crop is full,
the trachea may be greatly deflected dorsally as the crop covers the thoracic inlet. The trachea, in
contrast to the esophagus, lies along the left lateral side of the neck. Unlike the condition
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observed in Tympanuchus, where despite the presence of a crop the esophagus and trachea still
ran together, the trachea in Columba diverges significantly from the esophagus-crop complex.
The two organs lie together ventromedially only at the cranialmost segment of the neck,
particularly right as they exit the oropharyngeal region (Fig. 1.15). Immediately upon exiting the
oropharynx, the two diverged. However, they may do this to differing degrees. In some pigeons,
the two diverged gradually so that they became completely separated from one another at the end
of the midsection; in others the divergence was immediate. In these animals, full separation and
lateralization was achieved mere millimeters away from the oropharynx. At about the midsection
of the neck, the trachea rotated. It even entered the thoracic cavity while on its side. It does,
however, straighten itself out very quickly, within a few millimeters, to lie midline with the body
and also have the dorsal side facing dorsally. The mourning dove, Zenaida macroura, resembled
exactly the rock pigeon.

Figure 1.14. Ventral views of C. livia. Top - in situ placement of the trachea (Tra) and esophagus
(Eso). Bottom left and right – different individuals showing variation of degree of lateralization.
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Figure 1.15. Lateral views of C. livia. Top left -- Left lateral view of the trachea. Top right -Right lateral view of the esophagus. Bottom -- Right lateral view of the trachea in another
individual with the esophagus held up into view.

Order Gruiformes; Family Rallidae
Fulica americana
Both the esophagus and trachea in the American coots exhibit a midventral position in the
anterior and mid-cervical regions. In the posterior portion of the neck, the two run together
laterally, on the right side (Fig. 1.16). This condition is reminiscent of that in Branta canadensis.
The trachea was not seen to rotate in one individual. In a second individual, a significant degree
of rotation was present. The trachea gradually decreases in lateral diameter from 8.5 mm
anteriorly to 6.6 mm posteriorly while its dorsoventral diameter remains constant at 2.7 mm
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anterior to the midsection. Posteriorly, the diameter decreases to 2.1 mm. The esophagus remains
a near constant 0.5 mm in dorsoventral diameter. The lateral diameter of the esophagus begins at
6.0 mm, decreases to 4.1 mm in the mid-region, and then increases back to 6.0 mm posteriorly.
In the second individual, the esophageal diameter gradually decreased all the way through from
6.8 – 3 mm.

Figure 1.16. Ventral view of F. americana where the trachea is lateral only in the posterior neck.
Rallus limicola
The Virginia rail’s trachea and esophagus proceeded toward a right lateral placement
immediately upon leaving the oropharynx (Fig. 1.17). At the middle region of the neck, the
trachea rotates onto its side. The trachea and esophagus enter the thoracic cavity together. Both
are considerably dorsolaterally placed. Anteriorly, the trachea is at its largest size (lateral
diameter of 3.2 mm; dorsoventral diameter of 2.5 mm). Gradually, the tracheal diameters
decrease to a lateral diameter of 2.6 mm and dorsoventral diameter of 1.9 mm.
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Figure 1.17. Rallus limicola neck in right profile.
Order Cuculiformes; Family Cuculidae
Coccyzus americanus
The yellow-billed cuckoo (Fig. 1.18) demonstrated right lateral tracheal and esophageal
displacement. The trachea did not exhibit any rotational component. Lateralization occurs
quickly from the oropharynx. The esophagus decreased in size anteriorly – posteriorly (5.7 – 2.6
mm in lateral diameter) while increasing in dorsoventral diameter (0.1 – 0.2 mm).

Figure 1.18. Ventral view of the neck of C. americanus. Scale bar = 3 mm.
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Order Suliformes; Family Phalacrocoracidae
Phalacrocorax auritus
An ontogenetic sampling of the double-crested cormorant was fortunately available. The
sample included two hatchlings, one juvenile (< 1 year old based on plumage), and one adult.
The hatchlings were 14.1 cm and 20.8 cm in total length. The esophagus in both hatchlings was
broad and lay well right lateral to the cervical column. In the smallest hatchling, the trachea was
only slightly right lateral to the cervical column and only in the most posterior section (Fig. 1.19
A). In the larger hatchling, the trachea was lateralized throughout its length as was the esophagus
(Fig. 1.19 B). The juvenile was odd in that the esophagus was somewhat right lateral while the
trachea ran along the ventral midline (Fig. 1.19 C). The adult’s trachea and esophagus ran very
well right laterally across the neck (Fig. 1.19 D). The adult’s esophagus was very broad
anteriorly (at 35 mm) and posteriorly (at 23.5 mm) while the midsection was narrower
(narrowest point approached 16.3 mm, although it otherwise reached upward of 22.6 mm).
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Figure 1.19. P. auritus. A) Smallest hatchling with the esophagus seen to be well lateral. (B)
Larger hatchling with the esophagus well lateral but the trachea too. (C) Ventral view of the
juvenile cormorant with the trachea staying along the ventral midline while the esophagus
courses somewhat right lateral. (D) Adult cormorant with both the esophagus and trachea
positioned well right lateral.

Overall, the double-crested cormorant revealed that even in recent hatchlings, tracheal
and esophageal displacement is already present. Both hatchlings showed displacement to varying
degrees. The juvenile’s “normal” placement of the trachea is odd as both infants and adults
display lateralization. The mid-ventral placement of the trachea is likely to be the result of it
having such freedom and mobility to be able to be to move to the midline. The esophagus in all
age cohorts was broad and tended to decrease in lateral diameter anterior toward the mid region
before increasing in diameter toward the thorax. The trachea in all ages was broadest anteriorly.
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The mid and posterior sections were similarly sized with the midsection being only
insubstantially larger than the posterior section, if and when larger at all.

Order Pelecaniformes; Family Ardeidae
Ardea herodias
Upon exiting the oropharynx, the trachea and esophagus travel 12 cm along the ventral
midline of the neck until the fifth cervical vertebra where they cut right laterally across it. From
that position they become situated dorsal to the vertebral column (Fig. 1.20). By the twelfth
cervical vertebra they cut back across the cervical column to become positioned at the ventral
midline once more to enter the thorax. While the trachea cuts across the fifth cervical it also
rotates onto its side. The great blue heron’s tracheal lateral diameter stays more or less constant
at about 7.5 mm. However, in the posterior region it is larger at 7.9 mm. Its dorsoventral
diameter in the anterior region is about 6.1 mm, but beginning in the middle region and lasting
through the posterior region it remains rather constant at 7.4 mm. Overall, the trachea is circular,
especially in the mid and posterior regions. From the anterior through the middle neck, the
esophagus’s mediolateral diameter is large at 24 – 21.5 mm while the posterior region is only
half the size at 12.6 mm. The esophagus’s dorsoventral diameter varies from 0.4 – 0.8 mm.

Figure 1.20. Left view of the course of the trachea and esophagus in Ardea. Scale = 18 mm.
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Order Charadriiformes; Family Laridae
Larus delawarensis
The ring-billed gull displayed a greatly dorsolaterally placed trachea and esophagus. Only
in the very most cranial region of the neck (first 1 cm) were the two only laterally, and not
dorsolaterally, situated. Immediately after exiting the oropharynx, both the trachea and the
esophagus move right lateral to the cervical column. They enter the thoracic inlet while still
considerably dorsally placed. In the anterior region, the lateral diameter of the trachea was its
greatest at 5.2 mm. In the mid and posterior regions, the lateral diameter was constant at 4.5 mm.
The dorsoventral diameter gradually decreased from 5.2 mm to 4.0 mm. The esophagus was
broadest anteriorly and posteriorly at 7.5 mm and 7.2 mm respectively. In the mid region it
narrowed to 6.9 mm. The mid region had the largest dorsoventral diameter at 0.9 mm while the
anterior and posterior regions were thinner at 0.5 mm and 0.6 mm. In one of the three dissected
individuals, the trachea was ventrolaterally situated on the left side and had practically no
rotational component. The esophagus ran along the neck’s right ventrolateral side.
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Figure 1.21. The three individuals of Larus delawarensis and their tracheal and esophageal
positions.
Order Accipitriformes; Family Accipitridae
Accipiter cooperii
Cooper’s hawk was very similar to most birds in having both the trachea and the
esophagus lateralized together. However, unlike the majority of birds observed, which have the
trachea and the esophagus lateralized on the right side of the neck, in the Cooper’s hawk these
organs were lateralized together on the left lateral side of the neck. The organs of the Cooper’s
hawk made an almost immediate lateral placement from exiting the oropharynx. Only at the very
closest part near the oropharynx were the trachea and esophagus somewhat medially positioned.
The trachea lay farther left laterally and surprisingly dorsally to the esophagus, which was
situated nearer to the vertebrae (Fig. 1.22 A). Near the entrance to the thoracic cavity, the
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esophagus became situated more along the midline of the body. The trachea, having been rotated
to lie on its side beyond the lower cranial section, entered the thorax too while on its side.

Figure 1.22. Hawk tracheae and esophagi. A) Accipiter cooperii (ventral view). B) Buteo
jamaicensis (left lateral view). Trachea on left side with massively inflated crop covering most of
the neck. C) Buteo jamaicensis (ventral view) trachea and esophagus on right side of the neck.
D) Buteo platypterus (ventral profile) trachea on ventral midline with a noticeable twist.

Buteo jamaicensis
One individual of the red-tailed hawk (Fig. 1.22 B), like Cooper’s hawk, had a trachea
situated left laterally that had rotated to a large extent. The short esophagus remained more along
the midline until it became a largely inflated crop which cut transversely left to cover (be situated
ventral to) the trachea (Fig. 1.22 B). The trachea could be on the left in this individual due to the
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large crop having pushed it over. In a second individual (Fig. 1.22 C), the trachea and esophagus
were situated right lateral, and tracheal rotation was only minor. The trachea generally decreases
in size anteriorly to posteriorly both along its lateral and dorsoventral diameters.

Buteo platypterus
Perhaps the most interesting configuration observed came from the broad-winged hawk.
Unlike the other Accipitriformes where the trachea was left lateral as is the esophagus (to some
degree at least), the broad-winged hawk had a right laterally placed esophagus with a
medioventral placement of the trachea. Far more importantly, though, the trachea was actually
twisted so that the dorsal side faced ventrally and vice versa (Figs. 1.22 D, 1.23).

Figure 1.23. B. platypterus ventral profile showing twisted trachea.
The twisting of the trachea occurs very close to its origin from the oropharynx. It stays
twisted for most of its length. It is only at the entrance to the thoracic cavity that it untwists. This
bizarre twisting is speculated to be the result of the trachea (mobile in birds as it is) having been
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moved from its original left lateral position to a midventral position (and perhaps beginning to
become right lateral). This might explain why the twist makes the dorsal side of the trachea face
ventrally.
As tracheal rotation makes the mediodorsal point of the trachea face inward toward the
vertebral complex, the dorsal side (now facing ventrally) with a counterclockwise rotation would
indicate an initial left lateral placement. This is because as the dorsomedial point should face
toward the vertebrae, a counterclockwise (left rotated) rotation points the mediodorsal point right
(and so if the trachea were situated right lateral with counterclockwise rotation, the mediodorsal
point would face right, or outward rather than inward). Therefore, it is likely that the broadwinged hawk had an initial tracheal placement on the left side of the neck. Ultimately, this
peculiar incidence is likely nothing more than an aberration. Its esophagus increased anteriorly to
posteriorly from 4.7 – 8.3 mm while its tracheal diameter remained a near constant 4 mm.

Order Strigiformes; Family Strigidae
Bubo virginianus
The great horned owl (Fig. 1.24 A, B) exhibited right lateral displacement of both the
esophagus and trachea. No rotation of the trachea was seen. The trachea gradually decreased in
size in one specimen while in another it decreased in the middle of the neck, only to increase in
size posteriorly. The esophagus increased in lateral diameter along its length.
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Figure 1.24. Various owls. A) B. virginianus (right lateral view). B) B. virginianus (ventral
view). Scales for A and B = 7.5 mm. C) S. varia (right lateral view). Scale = 5.5 mm. D) M. asio
(ventral view). Scale bar = 2 cm.

Strix varia
The barred owl showed right lateral displacement (Fig. 1.24 C). However, a slight
amount of rotation was observed. The trachea maintained a constant dorsoventral diameter of 4.2
mm while decreasing laterally from 5.8 mm to 5.5 mm.

Megascops asio
The eastern screech owl showed right lateral displacement with slight rotation in the
posterior region (Fig. 1.24 D) much like what was observed in S. varia. The esophagus decreased
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in lateral diameter significantly cranially to caudally having decreased from 8.7 mm – 3 mm.
However, dorsoventral diameter remained a constant 0.5 mm. The trachea decreased only from
3.7 mm to 3.6 mm with a constant dorsoventral diameter of 2 mm. The trachea of the owls was
generally circular.

Order Coraciiformes; Family Alcedinidae
Megaceryle alcyon
The belted kingfisher displayed tracheal and esophageal displacement along the right
lateral side of the neck. As in most other birds, the trachea rotates along its course. However, in
Megaceryle, this rotation is only slight (Fig. 1.25). The tracheal lateral and dorsoventral
diameters decreased in size anteriorly to posteriorly (lateral – 4.4 – 3.1 mm; dorsoventral – 3.2 –
2.6 mm). The lateral diameter of the esophagus decreased anteriorly to posteriorly as well (5.1 –
4.1 mm) while the dorsoventral diameter increased (0.2 – 0.4 mm).

Figure 1.25. M. alcyon ventral view.
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Order Piciformes; Family Picidae
Sphyrapicus varius
The yellow-bellied sapsucker exhibited tracheal and esophageal displacement (Fig.1.26),
again, much like that of most birds, wherein the trachea and the esophagus are lateralized on the
right side of the neck with the trachea remaining more ventral than the esophagus. The lateral
and dorsoventral diameters remain rather constant along the length of the neck as do the
esophageal diameters. Rotation was observed.

Figure 1.26. S. varius ventral views.
Order Falconiformes; Family Falconidae
Falco sparverius
The American kestrel displayed a right lateral placement of both the trachea and the
esophagus. It coursed more ventrolaterally than midlaterally. Unlike what has been seen in a
majority of other birds, the trachea does not rotate as it lateralizes, which is probably due to the
short length of the neck and subsequently the short length the trachea needs to take from its
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origin to the thorax (Fig. 1.27). The trachea decreases in both lateral and dorsoventral diameters
along its length (lateral – 4.0 – 3.5 mm; dorsoventral – 2.2 – 2.0 mm). The esophagus increases
in lateral diameter anteriorly to posteriorly (4.0 – 5.2 mm) while its dorsoventral diameter
remains a constant 0.2 mm.

Figure 1.27. Ventral view of the trachea and neck of F. sparverius. Scale bar = 4 mm.
Order Psittaciformes; Family Psittacidae
Amazona ventralis
The only extant psittacid examined in this study came from a CT-scanned Hispaniolan
Amazon parrot (Fig. 1.28). The trachea can clearly be seen off to the right lateral side of the
neck. Unfortunately, no image of the esophagus is seen. However, King and McLelland (1984, p.
91) do illustrate the internal anatomy of a budgerigar (Melopsittacus undulatus) detailing that the
esophagus lies on the right lateral side as well. In addition, the trachea is illustrated to lie
between the esophagus and the muscles of the neck while also lying behind the transversely
oriented crop. It essentially follows the pattern observed in the prairie chicken.
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Figure 1.28. CT scan of the Amazon parrot, Amazona ventralis. The trachea, as indicated by the
arrow, is clearly seen to be positioned right lateral offset to the vertebrae and muscles of the
neck. Image courtesy of Elise Orellana.

Order Passeriformes; Family Hirundinidae
Hirundo rustica
The barn swallow (Fig. 1.29 A) was the only species of the Hirundinidae dissected. The
trachea and esophagus were joined together and situated on the right side of the neck. Together,
the two diverged onto the right side nearly immediately after the exiting the oropharynx. The
trachea was rotated onto its side. The esophagus and trachea were equal in lateral diameter at 2.3
mm.
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Figure 1.29. Hirundinidae, Certhiidae, Turdidae, and Bombycillidae. A) H. rustica (right lateral
view). B) C. americana (ventral view). C) T. migratorius (right lateral profile – right pectoral
girdle cut to expose inside). D) T. migratorius (anterior view looking into chest). E) C. guttatus
(ventrolateral view). F) B. cedrorum (right lateral profile).
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Family Certhiidae
Certhia americana
Like the barn swallow, the brown creeper (Fig. 1.29 B) had immediate right
lateralization, but no tracheal rotation. The tracheal diameter was 0.9 mm with the esophageal
diameter at 1.6 mm.

Family Turdidae
Turdus migratorius
The American robin (Fig. 1.29 C, D) showed a near immediate right lateralized trachea
and esophagus with a largely rotated trachea. Cranially, and in the mid-region, the trachea was
3.2 mm in lateral diameter while caudally it was 2.9 mm. Dorsoventrally, the diameter was 2 –
1.7 mm. The esophageal diameter decreased cranially to caudally from 3.9 – 3.3 mm. There is
only a short distance from the base of the neck before the trachea branches into the bronchi and
to the lungs. Both the trachea and esophagus are very closely appressed to the ventral margin of
the axial column. This is of course true for the trachea of birds in general as the avian lungs are
dorsally situated. The hermit thrush, Catharus guttatus, was like the American robin. However,
unlike the American robin, which had a greatly rotated trachea, the trachea of the hermit thrush
was not rotated (Fig. 1.29 E).

Family Bombycillidae
Bombycilla cedrorum
The cedar waxwing (Fig. 1.29 F) was very much like the American robin with similar
rotational and lateralized features. The trachea was insignificantly larger cranially than the rest of
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its length (1.8 mm cranially versus 1.7 mm throughout the rest). Dorsoventrally, the trachea was
consistently 1.4 mm throughout its length. The dorsoventral esophageal diameter was
consistently 0.15 mm, whereas laterally it was largest cranially at 5.1 mm where it then remained
3.7 mm throughout.

Family Parulidae
Three species were dissected, Seiurus aurocapilla (ovenbird), Geothlypis trichas
(common yellowthroat), and Wilsonia canadensis (Canada warbler). The ovenbird specimens
demonstrate right lateral placement of both organs (Fig. 1.30 A-D). The trachea varied from
somewhat rotated to not rotated. The common yellowthroat (Fig. 1.30 E) displayed a right lateral
trachea and esophagus with minimal tracheal rotation about midway along its length. The
Canada warbler (Fig. 1.30 F) was much like the common yellowthroat, but with less rotation.

Family Emberizidae
Junco hyemalis
The dark-eyed junco showed the typical right lateralization of both the trachea and
esophagus. The two immediately run off the midline. It had minimal rotation in the caudal region
of the neck. The lateral esophageal and tracheal diameters remained constant cranially to
caudally.
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Figure 1.30. Examples of displacement in Parulidae. A-D (lateral, anterior, ventral) views of the
ovenbird. E – common yellowthroat right lateral view. F – Canada warbler ventrolateral view.
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Family Cardinalidae
Two species were examined: Cardinalis cardinalis, the northern cardinal, and Pheucticus
ludovicianus, the rose-breasted grosbeak. The rose-breasted grosbeak exhibited lateralization in
the same way as in a large number of birds (Fig 1.31 A). The trachea and the esophagus ran
along the right lateral side of the neck where the esophagus lay dorsally and a bit more laterally
than the trachea. Both became situated well dorsal to the vertebral column, due to the S-shaped
curvature of the avian neck. The organs were seen to enter the thorax dorsally in the rosebreasted grosbeak. The northern cardinal also exhibited right lateralization with minimal rotation
(Fig. 1.31 B).
Family Icteridae
Three members of this family were studied here: Agelaius phoeniceus, the red-winged
blackbird; Quiscalus quiscula, the common grackle; and Sturnella neglecta, the western
meadowlark. Personal observations of the western meadowlark showed both right lateral
placement of the two organs. The red-winged blackbird (Fig. 1.31 C) was observed to exhibit
right lateral positioning with no tracheal rotation. The tracheal lateral and dorsoventral diameters
differed only minimally anteriorly to posteriorly (lateral = 2.7 – 2.6 mm, dorsoventral = 1.8 -1.7
mm). The lateral diameter of the esophagus decreased anteriorly to posteriorly 5.1 mm to 4 mm.
The common grackle (Fig. 1.31 D) showed a rotated trachea and a trachea and esophagus
situated right laterally. The trachea was of rather consistent lateral and dorsoventral diameters (3
mm former, 2 mm latter). The esophageal lateral diameter decreased from 3.6 mm to 3.4 mm.
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Family Fringillidae
Two species were dissected: Carpodacus mexicanus (house finch) (Fig. 1.31 E) and
Spinus tristis (American goldfinch) (Fig. 1.31 F). Both species demonstrated right lateral
displacement and rotation of the trachea.

Figure 1.31. Represented species from Cardinalidae, Icteridae, and Fringillidae. A) P.
ludovicianus. B) C. cardinalis. C) A. phoeniceus. D) Q. quiscula. E) C. mexicanus. F) S. tristis.
All right lateral profile.
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A cladogram of Aves detailing the orders of birds observed in this study is seen in Figure
1.32.

Figure 1.32. Cladogram outlining occurrences of birds observed in this study which showed
tracheal and esophageal displacement. Cladogram modified from Hackett et al. (2008).

Class Mammalia; Order Pilosa; Family Bradypodidae
Bradypus tridactylus
The trachea of the three-toed sloth is exceptionally long. There are 100 tracheal rings
(Owen, 1869; Simon, 1902; Weber, 1904, 1928; Beebe, 1926; Wislocki, 1928; Sawaya, 1936;
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Britton, 1941; Ehrat, 1943; Hayssen, 2009). It is long enough, in fact, to reach the diaphragm.
Upon reaching the diaphragm, it curves, forming a U (Figures 1.33 and 1.34), then proceeds
anteriorly for 2-4 cm, and then yet again curves ventrally for about a centimeter before opening
into a sac (Goffart, 1971). The loop is 36 mm long (Beebe, 1926). The tracheal elongation
exhibited by Bradypus is unique among mammals (Weber, 1928). Within the chest, the trachea is
dorsally situated as it runs along and behind the lungs. Tracheal elongation even differs
ontogenetically within the species. In embryos, the tracheal loop is placed proximally to the
lungs (Simon, 1902). The trachea then proceeds dorsally along the lungs where it runs to the
distal end of the lungs before branching into bronchi which branch cranially into the lungs
(Simon, 1902). The tracheal width at the loop was about 5.7 mm with its dorsoventral diameter
at 5.5 mm. In the neck, the tracheal width was about 8.1 mm. Unlike Bradypus, the two-toed
sloth, Choloepus hoffmanni, has a shorter neck (at six cervical vertebrae compared with
Bradypus’ eight or nine), with a much more limited range of mobility and a shorter trachea
(Goffart, 1971).
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Figure 1.33. Bradypus chest and neck. Top. Expanded view of internal chest of B. tridactylus.
Arrow pointing to tracheal loop. Bottom left and right. Close-up views of the tracheal loop.
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Figure 1.34. Radiograph of B. tridactylus. Right side with trachea emphasized in yellow outline.
Length of humerus is approximately 17.8 cm.

It would seem that, in general, the mammalian condition is the standard normalized
condition. This has been observed in personal dissections of mice (Mus musculus), cats (Felis
catus), dogs (Canis familiaris), pigs (Sus scrofa), and horses (Equus ferus caballus). Even
among other sloths and other xenarthrans, the three-toed sloth is unique in having elongation and
looping (Goffart, 1971).
Table 1.2 below summarizes all personally dissected specimens, their conditions, and
other relevant and pertinent observations related to tracheal and esophageal visceral geography.
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Table 1.2
Summary of Vertebrate Tracheal and Esophageal Positions

Taxa
Chelonia
Pseudemys
concinna
Lacertilia
Anolis carolinensis
Crocodylia
Alligator
mississippiensis

Condition

Placement of Organs

Immediacy of
Lateralization

Degree of
Tracheal Rotation

normal

medioventral

-

-

normal

medioventral

-

-

normal

-

-

Crocodylus niloticus
Aves
Branta canadensis
Aix sponsa
Anas platyrhynchos

displaced

medioventral
esophagus in midline;
trachea on left side

quickly

(not known)

displaced

Zenaida macroura
Fulica americana
Rallus limicola
Coccyzus
americanus
Phalacrocorax
auritus
Ardea herodias

displaced
displaced
displaced

gradual
rather quickly
rather quickly
gradual immediate
gradual immediate
gradual
immediate

minimal
large
large

Columba livia

both right lateral
both right lateral
both right lateral
separated (eso on left,
tra on right)
separated (eso on left,
tra on right)
both right lateral
both right lateral

displaced

both right lateral

rather quickly

none

displaced
displaced

rather quickly
rather quickly

moderate
large

Larus delawarensis

displaced

immediate

none - large

Buteo jamaicensis

displaced

immediate

none - large

Buteo platypterus
Accipiter cooperii

displaced
displaced

both right lateral
both right lateral
separated (eso on right,
tra on left); both right
lateral
separated (eso on right,
tra on left); both right
lateral
esophagus right lateral;
trachea midline
both left lateral

immediate
immediate

large
large

displaced
displaced
displaced

minimal - large
large
none - large
moderate

(continued on following page)
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Table 1.2. Continued.
Bubo virginianus
Strix varia
Megascops asio
Megaceryle alcyon
Sphyrapicus varius
Falco sparverius
Hirundo rustica
Certhia americana
Turdus migratorius
Catharus guttatus
Bombycilla
cedrorum
Seiurus aurocapilla
Wilsonia canadensis
Geothlypis trichas
Junco hyemalis
Pheucticus
ludovicianus
Cardinalis cardinalis
Quiscalus quiscula
Agelaius phoenicius
Carpodacus
mexicanus
Spinus tristis
Mammalia
Bradypus tridactylus

displaced
displaced
displaced
displaced
displaced
displaced
displaced
displaced
displaced
displaced

both right lateral
both right lateral
both right lateral
both right lateral
both right lateral
both right lateral
both right lateral
both right lateral
both right lateral
both right lateral

immediate
immediate
immediate
immediate
immediate
immediate
immediate
immediate
immediate
immediate

none
minimal
minimal
minimal
moderate
none
minimal
none
large
none

displaced
displaced
displaced
displaced
displaced

both right lateral
both right lateral
both right lateral
both right lateral
both right lateral

immediate
immediate
immediate
immediate
immediate

large
minimal - large
minimal
minimal
minimal

displaced
displaced
displaced
displaced

both right lateral
both right lateral
both right lateral
both right lateral

immediate
immediate
immediate
immediate

minimal
minimal
minimal
minimal

displaced
displaced

both right lateral
both right lateral

immediate
immediate

moderate
minimal

normal

medioventral

-

-

Extinct Taxa
There exist some stunning fossils with exquisitely preserved tracheal tracts, isolated
rings, and even esophagi. An astounding array of such fossils, including a plethora of birds and a
monitor lizard, come from the Fossil Butte Member of the Green River Formation (middle early
Eocene epoch). Some of these remarkable fossils will be discussed briefly here. Some of these
fossil examples can offer insights into what the pathways of extinct organisms were like.
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Presented here is a brief survey of certain preserved fossil trachea and esophagus examples as
well as their potential contributions to our understanding of the phylogenetic distribution of
tracheal and esophageal displacement. All presented fossil taxa below, and further additional
noteworthy specimens, are summarized in the Appendix.

Order Squamata; Superfamily Varanoidea; Family Mosasauridae
Lindgren et al. (2010) described a well preserved Platecarpus tympaniticus from the
middle Coniacian – early Campanian (88 – 80 mya) of the Niobrara Chalk Formation of Kansas.
This mosasaur specimen, LACM 128319, preserves patches of skin, sternal cartilage and
calcified tracheal segments. The tracheal rings are described as having diameters ranging from
26.2 – 34.4 mm (the widely inconsistent sizes are due to taphonomic compression) (Lindgren et
al. 2010). The tracheal rings are preserved in three short segments (Fig. 1.35). One segment lies
in the lower half of the temporal fenestra; the second segment lies ventral to the 4th and 5th
cervicals. The last segment, which lies below the last cervical and the 1st dorsal vertebrae,
includes two parallel rows of rings indicating bifurcation of the trachea into the bronchi.
Interestingly, the bifurcation of the trachea occurs cranial to the thorax. It branches right before it
would enter the upper thorax, suggesting a large degree of anteriorization of the lungs (Lindgren
et al. 2010). A bit more caution is needed in suggesting the claim that bifurcation of the trachea
occurs anterior to the thoracic cavity. As the typical tetrapod tracheal condition involves
branching of the bronchi inside the thorax, there is little reason to believe that mosasaurs should
deviate from this pattern; however, crocodilids have been known to do so. Therefore, it is
actually possible that mosasaurs converged on the trait. Even then, the elongation of both the
trachea and the bronchi of crocodiles still remained within the thorax as opposed to the condition
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seen here where elongation of the bronchi would extend well beyond the thorax. Even among
cetaceans (analogously large-bodied aquatic animals with brevis necks), anteriorization of the
lungs, and subsequently the bronchial branching point, does not occur (pers. com., Joy
Reidenberg, 2014). Either mosasaurs were, aside from crocodiles, unique in the anteriorization of
their tracheal bifurcation, or what is seen in this fossil is simply the result of some sort of
taphonomic distortion. Distortion remains the safest answer, and that claims of anterior
bifurcation, while certainly intriguing and worth further examination, should be done cautiously.
The Platecarpus specimen is preserved lying on its right side. The tracheal segments
along the neck are observed to be well ventral, which likely would indicate that the trachea is
following a normal medioventral pathway. Of course this cannot be affirmed definitively;
however, comparisons with the closest relatives of the mosasaurs (the varanids and other
lepidosaur squamates) would strongly suggest a normalized pathway. (While no varanid was
obtained for the study, a CT scan of one which demonstrated normal tracheal placement was
observed.)

Figure 1.35. Head and neck of Platecarpus tympaniticus LACM 128319. D) Tracheal rings
exposed in the left lateral temporal fenestra. E) Tracheal rings below the cervical vertebral
column. F) Two parallel strings of bronchial rings located below the anterior most dorsal
vertebra. Scale bars equal 2 cm (D-F). Adapted from Lindgren et al. (2010).
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Another well-preserved mosasaur, Mosasaurus missouriensis, which also has a large tract
of trachea was very recently described in the literature by Konishi and colleagues (2014). From
end to end, the preserved trachea measures about 34 cm in length and about three cm in diameter
(Fig. 1.36). The trachea emerged from a position as it probably did in life, ventral to the posterior
corner of the dentary. The trachea becomes notably ventrally deflected thereafter. At the most
posterior end of the preserved hyoid, and beneath a cranial portion of the angular, the trachea can
be seen apparently to diverge into two parallel rows of rings. This suggests, as Konishi and
others (2014) speculated, bifurcation into the bronchi. The suspected bronchial rings are around
1.8 cm in diameter. The smaller size of these rings and the parallel rows are completely
consistent with what would be expected of primary bronchi, and so the labeling of these rings as
the bronchial rings seems safe. As with the aforementioned Platecarpus tympaniticus specimen,
the Mosasaurus missouriensis specimen, TMP 2008.036.0001, also suggests anteriorization of
the carina, bronchi, and lungs. In this instance, it would suggest an even greater amount of
anteriorization has occurred (as it would bifurcate by C3). Yet again, while this is interesting, it
is too unusual and lacking in comparative anatomical support to be safely regarded as a true
representation of tracheal length. Further, such a configuration would imply an extremely short
trachea followed by an incredibly long primary bronchus, with the bronchi extending the length
of the neck. One possible alternative explanation for the extreme anteriorization of the bronchial
branching in both of these mosasaur specimens, aside from diagenetic forces, is that when one or
both ends of a trachea are dissected out (cut away from its attachment either with the larynx, the
lungs, or both), noticeable and significant shrinkage of length occurs. This is due to relaxation of
the otherwise stretched circular bands of fibrous connective tissues, the annular ligaments of the
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trachea. Likewise, as the lungs decayed and the primary bronchi lost an anchor point in them, the
trachea reverted to a relaxed state, shrinking in length and therefore pulling the bronchi
anteriorly.

Figure 1.36. Left. Mosasaurus missouriensis TMP 2008.036.0001 entire specimen. Tr = trachea,
br = ?bronchi, scale bar = 20cm. From Konishi et al. 2014. Right. Tracheal and bronchial rings.
Line diagram with scale bar equal to 10 cm. Adapted from Konishi et al. (2014).

Family Varanidae
A fossil of an extinct monitor lizard from the Fossil Butte Member of the Green River
Formation (Upper Lower Eocene of the Fossil Lake – 52 mya) details incredible preservation.
The varanid, Saniwa ensidens (FMNH PR2378), is well articulated and includes in the neck a
wonderfully preserved complete track of tracheal rings (Fig. 1.37). The tracheal rings are
measured at averaging about 9.5 mm in transverse diameter. The skull is preserved in dorsal
aspect, whereas the lower neck to the rest of the body is preserved dorsolaterally in such a way
that the neck through the tail are seen largely in lateral aspect but dorsally too. The articulated
cervicals are slightly sinuous. The trachea travels from the lower right margin of the skull,
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seemingly emerging from what would be around the articular of the mandible, following a
straight trajectory to the pectoral girdle. Because of this, it appears that there has been significant
taphonomic distortion, as this is an unrealistic pathway. At any rate, the fossil is in lateral profile
until the uppermost thoracic toward the skull where the axial skeleton twists to show it in dorsal
aspect. Therefore, it is likely the trachea is still running ventromedially, but the skull and neck
have rotated to their side. Comparisons with an observed CT scan of a varanid indicate a normal
pathway should be expected. An isolated tooth (which may have been shed) is preserved in the
neck between the tracheal rings and the cervical vertebral column; this is interpreted as having
been swallowed (Rieppel and Grande, 2007).

Figure 1.37. Saniwa ensidens (FMNH PR2378) close-up of neck. Scale bar = 4 cm.

Class Avialae; Family Omnivoropterygidae
Recent fossil finds of Sapeornis chaoyangensis and Hongshanornis longicresta from
lacustrine deposits of northeastern China by Zheng and colleagues (2011) unequivocally showed
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that the modern avian digestive system had evolved as early as the Early Cretaceous. The
Sapeornis chaoyangensis specimen, STM 15-15 (Fig. 1.38), also displays a faint outline of the
crop and the esophagus. However, the relative position of the esophagus, and whether or not it is
lateralized, cannot be entirely accurately determined from the fossil. The esophagus runs ventral
to the vertebrae of the neck. It might stand to reason that this could indicate a normal
medioventral pathway. However, given the muscular aspects of the avian neck, and that it allows
for a great range of mobility for the esophagus, not to mention that essentially all extant birds
show tracheal and esophageal displacement, it likely is the case that what is actually seen is still
representative of esophageal displacement. For instance, a more ventral (even medioventral)
position can and occasionally is seen. So, while it cannot be ruled out that the preserved
esophagus of the Sapeornis specimen might in fact represent a normal placement, it can be
shown that in certain positions, the esophagus, being a loosely attached highly mobile organ, can
move into what would appear to be a normal placement despite typically being lateral. An
additional reason to suspect tracheal and esophageal displacement in Sapeornis is the presence of
a much enlarged crop. The presence of a large crop essentially dictates lateralization for both the
esophagus and the trachea. This is because an expansive crop broadly covers and attaches to the
sternum. In so doing, this organ covers much of the region where the trachea enters the thorax.
This is exactly what is seen in pigeons and it is a very likely situation for Sapeornis. Given the
ubiquity of lateralization in extant aves, it is suggested that primitive birds like Sapeornis too
would also have exhibited tracheal and esophageal displacement. Therefore, the esophagus in
Sapeornis appears to be ventral due to its highly mobile nature, and reconstructions should
consider it as having displacement.
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Figure 1.38. (A) Sapeornis chaoyangensis STM 15-15. A faint outline of the esophagus and crop
can be seen. C, crop; gs, gizzard stone. With kind permission from Zheng et al. (2011). (B)
Pigeon neck in profile. The esophagus can be seen in a more ventral position, and thus the
Sapeornis fossil could conform to tracheal and esophageal displacement.
Subdivision Neoaves; Order Dinornithiformes; Family Emeidae and Dinornithidae
Worthy and Holdaway (2002) described two fossil taxa, Euryapteryx and Emeus, as
having had a long infrathoracic tracheal loop extending along the left side of the chest and
thorax. These structures could have been used in making booms and low frequency noises.
Dinornis maximus from the Quaternary of New Zealand also had a particularly long trachea. The
tracheal rings of Emeus crassus (FMNH PA34) are typically thick, circular rings. Occasionally
they are subcircular. The rings averaged 19.7 mm in lateral diameter and 16.8 mm in
dorsoventral diameter. The rings of Dinornis maximus (FMNH PA35), in contrast, are typically
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thin, strongly ovoid, but some may be circular (Fig. 1.39). These rings averaged 27.4 mm in
lateral diameter and 18.8 mm in dorsoventral diameter.
F ig ure

Figure 1.39. Tracheal rings of Emeus and Dinornis. Top left and bottom. Emeus preserved
tracheal rings and rings assembled in sequence. Top right -- Dinornis maximus rings. Scale bars
= 15 cm.

Order Eurypygiformes; Family Eurypygidae
Grande (1980) described what he thought was a possible fossil sunbittern which Olson
(1989) and Weidig (2003) later confirmed. The specimen Eurypyga helias, USNM 336377, is
from the Fossil Butte Member of the Green River Formation (Grande, 1980). Seen dorsal to the
cervical column in the mid-caudal region is a well-defined and well-preserved esophageal
segment. The segment lacks the robustly identifiable vertical striping pattern that would be
indicative of an ossified trachea, and its rings are preserved in profile. Instead, this preserved
segment does not exhibit any structural features, but just shows a solid, broad, featureless organ
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most readily relatable to an esophagus. The preserved esophageal segment’s length is about 35
mm and its width is 5.5 mm. There also appears to be a vaguely identifiable outline of the
esophagus just below the caudal end of the lower bill where the laryngeal-tracheal transition
would be. This faint outline extends from the end of the lower bill to the cervicals (where it
would likely run behind the cervicals) and is seen to head towards the robustly preserved
esophageal segment.
This fossil is perhaps one of the most exquisitely striking examples of tracheal and
esophageal displacement in fossil birds. This remarkable specimen shows a distinctly lateral and
dorsolateral placement of the esophagus comparable to that of the wood duck, cormorant, and
gull, for example. The esophagus can be seen to emerge from “behind” (right lateral to) the
lower cranial cervicals, travel dorsal to the mid and caudal cervicals, and enter into the upper
thoracic from “behind” (right lateral to) and well dorsal to the last cervicals. This conforms
perfectly to a distinctly and characteristically avian lateralized pathway (Figs. 1.40 and 1.41).

Figure 1.40. Eurypyga helias USNM 336377 head length 71 mm. From Grande (2013).
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Figure 1.41. (A) Eurypyga helias. Close-up of the cervical region. Clearly seen is the esophagus
which lies well dorsal to the middle and caudal cervicals. It can be seen to emerge from “behind”
(right lateral) the lower cranial cervicals and enter into the upper thoracic. Image from Grande
(2013). Compare with (B) Aix sponsa neck put into similar position as the Eurypyga helias
fossil.
Order Musophagiformes?; †Family Foratidae
Described by Olson (1992), Foro panarium has been thought to be a stem turaco or
maybe a stem hoatzin (order Opisthocomiformes). Seen on the holotype specimen, USNM
336261 (Fig. 1.42), are disarticulated tracheal rings. The rings average 4.5 mm in diameter.
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Figure 1.42. Foro panarium (Olson, 1992). Holotype – USNM 336261 Skull length = 60 mm.
From Grande (2013).
Order Ralliformes; Family †Salmilidae
A new species of flightless rail, FMNH PA778, also preserves tracheal rings (Fig. 1.43).
They are, however, relatively uninformative and seem to have been displaced in such a way as to
curl behind the skull.

Figure 1.43. New species of Salmilidae FMNH PA778. Skull length is equal to 74 mm. Arrows
point to tracheal rings.
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Order Leptosomiformes; Family Leptosomidae
Weidig (2006) described the holotype specimen of †Plesiocathartes wyomingensis
(WDC-2001-CGR-021). The specimen has been dorsally crushed and somewhat laterally
crushed as well. Likewise, the neck of the specimen has been crushed dorsolaterally so that the
neck curves backward to lie over the dorsal vertebrae (see Figure 1.44). The midsection of the
neck lies over the upper thoracic region. The upper neck becomes very fragmented. Also,
preserved in the upper neck is a small track of articulated tracheal rings. These lie above the
cervical column followed below by a much larger segment of articulated tracheal rings which
terminates at the base of the cervical column. Additionally, at least four isolated tracheal rings
can be found around the pygostyle, synsacrum, and left femur. In the fossil dorsally, the trachea
really might be lying perhaps left lateral to the cervical column. This becomes much more
apparent at the base of the cervicals. Nevertheless, due to the strongly crushed and distorted
nature of the fossil, interpretations of tracheal geography should be approached with a sense of
caution as the positioning may simply represent a preservational artifact. The four isolated rings
average 4 mm in diameter. The shorter but more cranial tracheal tract equals approximately 6.3
mm in diameter and the longer but more caudally situated tract is about 4.8 mm in diameter.
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Figure 1.44. †Plesiocathartes wyomingensis (WDC-2001-CGR-021). Skull length is 75 mm.
Four isolated tracheal rings can be seen around the synsacrum. Adapted from Grande (2013).
Order Psittaciformes; Family †Messelasturidae
A stem parrot †Tynskya eocaena (BSP 1997 | 6) was described from the Fossil Butte
Member by Mayr (2002). The fossil specimen has been very well preserved in ventrolateral
aspect in a slab and counterslab. A nearly complete tracheal tract was preserved along the right
side of the specimen’s neck. It clearly runs laterally along the course of the neck as is to be
expected when considering the displacement observed in the extant parrot (see Figures 1.45 and
1.46). The tracheal rings are on average 3.4 mm wide in diameter.

68

Figure 1.45. Holotype of †Tynskya eocaena BSP 1997 | 6 slab and counterslab. The skull length
is 42 mm. From Grande (2013).

Figure 1.46. Close-up of Tynskya eocaena’s skull and neck (right) in comparison with a modern
parrot, Amazona ventralis (left). Tracheal rings are clearly seen on what would be the right side
of the fossil neck running parallel with it. The fossil parrot matches exactly the condition seen in
extant ones.

69

Family †Halcyornithidae
Ksepka and colleagues (2011) presented a well-preserved primitive parrot, †Cyrilavis
colburnorum (FMNH PA754 – holotype specimen; Figure 1.47 below). Due to the scattered and
strongly disarticulated nature of the preserved tracheal rings in the specimen it is impossible to
tell the actual pathway, though inference with related derived extant species, such as Amazona
ventralis, and the aforementioned extinct species, Tynskya eocaena, indicates that it too would
likely lie laterally. The rings range from 2 – 4 mm in diameter.

Figure 1.47. †Cyrilavis colburnorum (FMNH PA754 – holotype specimen). Disarticulated
tracheal rings scattered around the neck and the chest. The skull length is 46 mm.

Two other very important preserved tracheas exist in the fossil record, and both of which
have been preserved in the same family, the Compsognathidae. These two fossils will be
discussed in depth in the next chapter.
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1.4. Discussion
1.4.1. General Trends and Observations of Lateralization
Birds have a lateralized trachea and esophagus. Of the 41 species of extant birds
dissected/observed/reported in this study, the most ubiquitous pattern seen was right
lateralization of the trachea and esophagus together. Two other less common patterns observed
were left lateralization together and separated lateralization (where the trachea lay on one side
while the esophagus lay on the other side). Additionally, lateralization was most commonly seen
to be achieved immediately upon leaving the oropharyngeal region. There, they would then
remain lateral for the entire length of the neck, only rejoining the midline at the most immediate
region of the thoracic cavity. Immediate lateralization is especially apparent in smaller and
shorter necked birds such as the passerines and owls. However, sometimes the lateralization was
slight and/or reached gradually. As this suggests, this is when one or both of the organs actually
is on the midline and only gradually becomes asymmetrical. In these instances, the organs
become lateralized notably, or only, in the posterior cervical region. The gradual type of
lateralization occurred predominantly in the larger bodied, longer necked birds (e.g., Branta
canadensis, Fulica americana, Struthio camelus). It is certainly not impossible for the trachea to
lie on the ventral midline of the neck, and this was observed sometimes (e.g., juvenile
Phalacrocorax auritus and Buteo platypterus). Unlike Snively’s (2006) comment which stated
that only in the most caudal region of the neck does the trachea divert from the midline, it has
been shown here that the trachea and esophagus may divert to an asymmetrical position at any
region of the neck.
Though tracheas are predominantly observed to be preferentially on the right side of the
neck, the trachea remains a highly mobile organ capable of a dynamic array of varied positions
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both inter and intraspecifically. This was particularly evident with Larus delawarensis and Buteo
jamaicensis. In Larus, while the trachea in two specimens was observed to be right lateral, the
trachea in one was ventrolateral along the left side of the vertebral column. In B. jamaicensis,
one individual exhibited right lateral placement of both organs. In another, a right lateral
esophagus with a left lateral trachea occurred. In this individual, the trachea may have been
situated left lateral due to a hugely inflated crop which probably pushed the trachea to the other
side. Further, positioning may be variable to the extent not only of which side the organs occupy
but how immediately asymmetry is approached. Take for instance the rock pigeon, C. livia.
Within Columba, these organs were lateralized in some individuals immediately while others had
a trachea which did so gradually. The presence of a crop might also be a major factor influencing
position. The large, bilobed crop of the pigeon, which cuts transversely across the lower neck,
seems to cause the trachea to be pushed dorsolaterally onto the side of the neck counterlateral to
the esophagus. The same can be said of the mourning dove and the red-tailed hawk. However,
this does not explain why the trachea remains as close as it does to the esophagus and crop of the
prairie chicken and parrots. Due to a great range of mobility, the trachea may be placed
ventrolaterally or mid-laterally. Additionally, the trachea and esophagus may be dorsolateral.
Dorsolateral placement of the organs is, essentially, nothing more than the result of the organs
cutting past a highly S-shaped neck (Fig. 1.48). In particular, it is because the organs cut across
the “caudal loop” (terminology after Van Der Leeuw et al., 2001a) of the S of the cervical
column. This crossing dorsal to the caudal loop is obvious in the great blue heron, Ardea
herodias, where the organs are situated dorsally for most of their length as the “rostral loop” is
considerably shortened in comparison to the caudal loop. What plane (ventral, mid, or dorsal) the
organs occur in may vary regionally, can shift suddenly, and can fluctuate along the neck. The S-
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shape of the avian neck is due to a comparatively long neck with 12-24 cervical vertebrae with
highly dorsoventrally flexible saddle-shaped joints (Van Der Leeuw et al., 2001a). The trachea
and esophagus, more or less, make the straightest possible path from their origins to their
termini, avoiding the problem of having to follow an S curve (which due to the two loops/curves
has greater surface area than a straightened neck).

Figure 1.48. Radiograph of P. auritus. “Rostral loop” is the upper half of the “S” shape of the
bird neck; while the “caudal loop” is the lower half. Terminology after Van Der Leeuw et al.
(2001a).

Another important and predominant observation was tracheal rotation. The trachea
frequently rotates onto its side so that its mediodorsal point is almost always facing inward,
toward the vertebral muscles (Fig. 1.49). In so doing, the lateral sides of the trachea become
dorsoventral while the dorsal and ventral sides of the trachea face mediolaterally. This is
particularly obvious for those birds which have ovoid tracheas. Even for those with circular
tracheas, where it might otherwise be difficult to distinguish sides, rotation can still be obviously
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seen by looking at the m. tracheolateralis muscles which border the left and right sides of the
trachea. Additionally, in keeping with the typical vertebrate arrangement, the esophagus still
remains dorsal to the trachea and actually appears itself to have been rotated onto its side as well.
Most avian tracheas are rotated; however, it is not always the case. In a number of short-necked
birds (e.g., Catharus guttatus, Bubo virginianus, Strix varia, and Coccyzus americanus) the
trachea either completely lacked rotation or exhibited only slight rotation. Rotation might be due
to the fact that the trachea and esophagus, while only loosely anchored, are still attached to the
vertebral muscles. This attachment may provide a minor constraint so that while they can move
off to the side, the connection keeps them from otherwise jutting out horizontally.

Figure 1.49. Simple diagram of typical cross sections of necks. Left – a “normal” neck where the
esophagus (purple) is ventral to the vertebrae and muscles (black) while lying dorsal to the
trachea (blue). The trachea’s dorsal mid-point (orange) is shown for clarity. Both the esophagus
and trachea remain in the midline of the body. Right – a lateralized avian neck where the
esophagus and trachea have shifted to the side of the neck and rotated so that the mediodorsal
point of the trachea (as well as that of the esophagus) face medially. Figure not to scale.

Lastly, although lateralization occurred, the trachea and esophagus moved obliquely
(crossed two planes, medial/sagittal to lateral/parasagittal and vice versa). The transition from
these planes occurs both near the oropharynx and near the base of the neck/entrance of the chest

74

(Fig 1.50). It is typically slight, as the width of the bird neck is thin. On a side note, as the neck is
so thin, the chances of and ability to achieve lateralization are further increased. Depending on
species, there may occasionally also be a dorsoventral component to this oblique movement.
That is, aside from moving from a lateral to medial plane, the trachea may also just slightly cross
from a dorsal to a slightly less dorsal plane. The dorsoventral component is the result of a
dorsolaterally situated trachea (which was itself due to cutting through the caudal loop) cutting
across and down. Upon entering the thoracic cavity, the trachea will also rotate back to a normal
orientation.

Figure 1.50. P. auritus radiograph (ventral view). Red line indicates path of the trachea.

Tracheae are held in a firm but less than completely taut manner. This, plus the elastic
annular ligaments which join the tracheal rings to one another, allows for the trachea to have
some slack. In birds, the trachea and esophagus are nearly equal in size, with the esophagus
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typically being a bit larger. Additionally, the lateral diameter of the trachea seems to be about
roughly half the lateral diameter of the vertebral complex (bone + muscles). The alligator
juveniles dissected had lateral tracheal diameters that were one-fourth to one-fifth the diameter
of the vertebral complex. One final interesting point is that 60 species of birds have been
observed to have tracheal elongation (Fitch, 1999) or, as referred to here, tracheal elongation and
looping. An elongated trachea was also observed in B. canadensis and B. sandivicensis.
Therefore, 62 species of birds exhibit it, and it is very much possible that many other species of
birds, not yet thoroughly examined, also possess an elongated and looped trachea.
Normal, medioventral pathways differ in a number of respects from the lateral condition.
The normal path follows the typical vertebrate condition where the esophagus lies ventral to the
vertebral column but dorsal to the trachea. In lateral profile, both the esophagus and the trachea
run ventrally, paralleling the vertebral column along its path. In ventral profile, both organs will,
of course, lie in the ventral midline with essentially only the trachea visible. Additionally, when
viewed parasagittally, only one side of the trachea (right or left) will be visible. Unlike the lateral
condition in which the trachea and esophagus may enter the thoracic cavity ventromedially,
ventrolaterally, midlaterally, or, to a degree, dorsolaterally, the normal condition involves the
two entering the thoracic inlet only ventromedially. Animals which possess a normalized route
do not exhibit tracheal rotation, nor do their organs cross between medial and lateral planes.

1.4.2. Anatomical Structuring Allowing for Displacement
The most important factor allowing for displacement of the trachea and/or esophagus is
the cervical muscular anatomy. The arrangement of jaw and neck muscles dictates how an
animal feeds (Jones et al., 2009). It also dictates the relative degree of mobility of these organs.
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The trachea and esophagus of the turtle are well constricted and held firmly in place by
both connective tissue and muscles. Muscles which constrict these organs on the ventralmost
periphery include the m. mylohyoideus at the laryngeal level and the m. latissimus colli for the
rest of the length of the neck. Deep to the m. latissimus colli lie three additional muscles, m.
sternohyoideus, m. omohyoideus, and m. sternomastoideus. These constrict the trachea and
esophagus both ventrally and laterally. Nomenclature of the turtle neck follows Ashley (1962).
The m. latissimus colli originates on the sides of the cervical vertebrae, inserting with the other
half on the midventral line, and acts to compress the throat in swallowing (Ashley, 1962). The m.
sternomastoideus inserts on the base of the skull, having originated on the ligament at the tip of
the posterior hyoid (Ashley, 1962). The connective tissue that holds the esophagus to the
vertebral muscles holds it very firmly to it, unlike that of birds.
In lizards, restriction is due to the muscles m. omohyoideus, the m. episternohyoid
complex consisting of m. sternohyoideus and m. constrictor colli, and the m.
episternocleidomastoideus. Terminology follows Jones et al. (2009) for their assessment of
muscles of basal diapsids and Sphenodon. The m. constrictor colli runs along the anterior and
mid-neck regions, attaching to the muscle fascia of the posterior portions of the m. depressor
mandibulae (Versluys, 1898; Fürbringer, 1900; Lubosch, 1933; Poglayen-Neuwall, 1953; Haas,
1973; Al-Hassawi, 2004, 2007). The m. omohyoideus originates from the scapulocoracoid
ligament in addition to the anteromedial portion of the scapula (Byerly, 1925). It inserts on the
ventral surface of the posterior portion of the basihyal and the posteroventral edge of the
proximal portion of the first ceratobranchial (Rieppel, 1978). The m. sternohyoideus, which lies
deep to the previous muscle, originates on the episternum and the anterior surface of the medial
region of the clavicle (Byerly, 1925). It inserts on the posterodorsal surface of the distal part of
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the first ceratobranchial (Osawa, 1898; Rieppel, 1978). The episternocleidomastoid originates
from the anterior margin of the clavicle and interclavicle (Byerly, 1925; Al-Hassawi, 2004, 2007;
Tsuihiji, 2007). Recently, Al-Hassawi (2004, 2007) described three branches of insertions:
branch one inserts on the posterolateral end of the paroccipital process of the opisthotic, branch
two inserts on the posteromedial margin of the squamosal above branch one, and branch three
inserts on the posterodorsal edge of the squamosal and parietal.
Given the ubiquity of tracheal and esophageal displacement in Archosauria, in spite of
the vast overall morphological differences between Crocodylia and Aves, it is critical to
understand the differences between the necks of these groups. The Canada goose (B. canadensis)
served as a model organism to detail muscularization in birds because it is common and of large
size, which facilitated distinguishing of muscles. The American alligator (A. mississippiensis)
served as a model organism for Crocodylia. It is suspected that aves are so commonly seen to
display tracheal and esophageal displacement because of the many modifications of the muscles
in their cervical regions. In crocodylians, scapular and infrahyoid muscles were primarily
responsible for restricting or limiting the degree of mobility of the trachea and/or esophagus.
In birds, in contrast, scapular and infrahyoid muscles have become lost, reduced, or
modified. For instance, the crocodylian m. sternomastoideus is part of a larger muscle complex,
the m. cucullaris. The m. cucullaris of crocodylians can be divided into the m. dorsoscapularis
and m. capitisternalis (Tsuihiji, 2007). The m. dorsoscapularis originates on the anterior edge of
the proximal part of the scapula and inserts on the dorsal fascia in the midline of the posterior
cervicals (Fürbringer, 1876; Cong et al., 1998). The m. capitisternalis is itself further divided
into an anterior portion, the m. atlantimastoideus, and a posterior portion consisting of the m.
sternoatlanticus (our m. sternomastoideus) + m. levator scapulae (Fig. 1.52); (Tsuihiji, 2007).
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The m. atlantimastoideus originates from the rib of C1 or C2, depending on species, and inserts
on the distal and ventral margins of the paroccipital process (Tsuihiji, 2007). The m.
sternoatlanticus originates from the anterior margin of the ventral surface of the sternum and
inserts on the tip of the rib of C1 or C2 (Tsuihiji, 2007). In aves, m. cucullaris also consists of
two portions (Fig 1.51 – 1.54). The first portion is the m. cucullaris capitis, or the m.
dermotemporalis of George and Berger (1966), which lies on the lateral to ventrolateral surface
of the neck (Tsuihiji, 2007). The origin of the slips of this muscle include clavicle (ligament
which stretches between the clavicle, coracoid, and sternum [Baumel and Raikow, 1993],
membrana sternocoracoclavicularis), and/or skin (Vanden Berge, 1975; Homberger and Meyers,
1989). The muscle inserts on the occipital region of the skull (Tsuihiji, 2007). The second
portion, the m. cucullaris cervicis, lies dorsal to the aforementioned muscle, arising from the
clavicle and inserting on the mid-dorsal raphe of the most posterior cervical vertebrae (Vanden
Berge, 1975). Fürbringer (1902) homologized the avian m. cucullaris capitis to the crocodylian
m. capitisternalis and the avian m. cucullaris cervicis to the crocodylian m. dorsoscapularis.
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Figure 1.51. Left lateral view of the superficial anterior cervical muscles of Branta canadensis.

Figure 1.52. Right lateral view of the epaxial, hypaxial, and scapular muscles of A.
mississippiensis. M. sternomastoideus is reflected away ventrally to expose the m. omohyoideus
and m. scalenus.
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Figure 1.53. Left lateral view of the superficial posterior cervical muscles in B. canadensis.
Additional lines in m. ascendentes represent slips of the muscle.

Figure 1.54. Posterior dermally attached muscles which span the cervical region in B.
canadensis.
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The m. cucullaris, as just described above, is what creates, partially, the restrictive
muscles in the crocodylia and likewise the homologous musculature in aves. The difference,
however, is that in birds, these restrictive muscles have become dermally attached muscles rather
than actually attaching to the axial and/or appendicular skeleton directly (Fig. 1.54 above). The
cucullaris is not a true muscle of the axial skeleton (George and Berger, 1966). In so doing, the
once thick, restrictive muscles have now become modified into thin, dermally attached coverings
which exert less control/hold on the geography of the organs.
Aside from the m. sternomastoideus (m. sternoatlanticus), the alligator esophagus and
trachea are bordered by several other muscles. The esophagus is bordered dorsally by the m.
rectus capitis anterior, m. longus colli ventralis, and the m. scalenus (Fig. 1.55). Ventrally, the
trachea is covered by the m. episternobranchialis (Fig. 1.56) which originates from the
craniolateral edge of the anteromedially projecting episternum and inserts on the front, posterior
part of the horn of the hyoid. It is a narrow and flat muscle which lies also a bit laterally to the
trachea as well. In A. mississippiensis, the m. sternohyoideus muscle (Fig. 1.56) was observed to
originate similarly from the craniolateral process of the episternum, immediately caudolateral to
the m. episternobranchialis. The m. sternohyoideus is a flat, broad muscle running ventrally
down the length of the neck covering the ventrolateral portion of the trachea. Near the posterior
portion of the hyoid it forms a short, strong tendon, while anteriorly it inserts onto the
posterodorsal margin of the splenial. The m. omohyoideus/m. coracohyoideus (Fig. 1.56) was
observed to be a long, narrow, string-like muscle originating at the upper border of the coracoid
near the scapula traveling along the ventral/ventrolateral region of the neck running beside the
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length of the esophagus and dorsal to the m. sternohyoideus and inserting onto the middle of the
dorsal side of the horn of the hyoid.
Unlike crocodylians, birds also have tracheal and syringeal muscles. The observed
extrinsic tracheal muscles of the Canada goose included m. sternotrachealis, m. cleidotrachealis,
and m. tracheolateralis (Fig. 1.57). These muscles are responsible for tracheal movement
(Humphrey, 1958). The m. cleidotrachealis may be a specialized portion of the sternohyoidsternotrachealis complex (George and Berger, 1966). Gadow and Selenka (1891) considered m.
tracheohyoideus, m. thyrohyoideus, m. sternotrachealis and m. cleidotrachealis to be derived
from a primitive sternohyoid layer, which may still be present in a few birds (Apteryx and
parrots).

Figure 1.55. Ventral view of the hypaxial muscles of A. mississippiensis. Trachea and esophagus
are pushed away to expose the muscles.
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Figure 1.56. Ventral and ventrolateral view of muscles that cover the trachea and esophagus
ventrally and slightly ventrolaterally. Same specimen as previous alligator pictures.

Figure 1.57. Lateral view of the tracheal muscles of the Canada goose.
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The alligator m. constrictor colli is divided into anterior and posterior portions, with the
former arising by a tendinous aponeurosis from both the first superficial tendon aponeurosis of
the m. pterygoideus posterior and posteriorly from the dorsal aponeurosis (Schumacher, 1973). It
runs ventrally around the neck, attaching to a thin tendon plate or partly into the ventral cervical
fascia (Schumacher, 1973). The m. constrictor colli profundus of alligators arises laterally from
the first two cervicals, continues ventrally around the pharynx and very uppermost trachea, and
inserts on the ventral surface of the hyoid apparatus (Schumacher, 1973). It is a pharyngeal
constrictor. A superficial layer immediately deep to the skin of the neck of the avian m.
cucullaris is composed of circularly arranged fibers which function as the constrictor colli
(George and Berger, 1966). Finally, of course there are many more tongue and hyoid muscles in
alligators and birds. However, they are not discussed here as they only hold the hyoid apparatus
in place and have little or no influence on the position of the trachea and esophagus along the
length of the neck.
Why is the trachea “normal” in the anterior region of longer necked birds? Muscles are
not the only constraint; skin may perform this function as well. In long-necked birds, the skin is
noticeably tighter in the anterior region, whereas in the posterior region it is looser. In shortnecked birds, the skin is comparatively broad and loose throughout, and so this is not so much of
a problem. Given the brevity of any region in short-necked birds anyway, the effect is less
pronounced.
Finally, why can’t and don’t mammals, such as humans, do this? The issue is two-fold.
First, muscles such as m. sternohyoideus, m. sternothyroideus, m. sternocleidomastoideus, and
m. omohyoideus inadvertently confine the trachea and esophagus to its medioventral position and
restrict large movements. Second, the short length of the mammalian neck simply does not leave
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much room (length) for these organs to deviate from the midline. Short necks and infrahyoid and
scapular strap muscles do act as relatively powerful constraints; however, they do not always
constrain position, as was seen in crocodilids. Straight tracheae and esophagi can, occasionally,
overcome these morphological restrictions and lateralize.

1.5. Conclusions
The trachea and the esophagus can be commonly seen to be asymmetrically placed along
the length of the neck in crocodilids, gavialids, and also overwhelmingly in aves. While
alligators are not characterized by this trait, it is possible for the trachea to be lateralized in the
posterior region, if not only circumstantially. Turtles and lizards do not seem to display this trait.
The most commonly observed form of tracheal and esophageal displacement involves the trachea
and esophagus running right lateral along the length of the neck with a good degree of tracheal
rotation. The trachea may be ventrolateral, midlateral, and dorsolaterally positioned depending
on the region of the neck in which the trachea occurs. Degree of laterality and position may
change abruptly.
The most important physical constraint to laterality is musculature. Of the muscles
spanning the neck, the most important are those that constrict tracheal and esophageal
movements ventrally and laterally such as m. sternomastoideus (episternocleidomastoid), m.
sternohyoideus, m. episternobranchialis, and m. omohyoideus. The highly modified avian neck,
with its reduced complex of muscles, has helped to allow birds to exhibit a variety of positions of
their tracheae and esophagi. Skin might also act to restrict positioning. The extremely thin skin
of a bird only serves to allow displacement, though the skin may still be regionally tight and
constricting. Lastly, tracheal muscles of birds also affect tracheal positions. Given the ubiquity of
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tracheal and esophageal displacement within extant birds, extinct birds almost undoubtedly were
characterized by displacement as well; certain fossils have even demonstrated tracheal and
esophageal displacement. The obvious question remains, as some crocodylians show
lateralization and birds unequivocally display tracheal and esophageal displacement, were
dinosaurs characterized by this trait as well? The question is the subject of the following chapter.

CHAPTER 2
THE TRACHEA AND ESOPHAGUS OF THE REMARKABLY PRESERVED
COMPSOGNATHID SCIPIONYX SAMNITICUS
2.1. Introduction
“It’s amazing. It’s essentially a dinosaur that’s been dissected.” – Larry D. Martin

2.1.1. General Introduction
In the last chapter, the ubiquity of tracheal and esophageal displacement (i.e., TED)
within the Avialae and the varied forms it takes was established. Additionally, it was shown that
displacement is variably present within the Crocodylia (e.g., alligators do not exhibit
displacement while the Nile crocodile does). The Nile crocodile also displayed tracheal
elongation and looping, a feature that is variably present in aves (e.g., swans, cranes, and birds of
paradise). Further, lepidosaurs and mammals do not demonstrate lateralization.
While examining extant forms aids our understanding of the placement of these organs,
fossil evidence remains the best direct source of information to understand the evolution of this
character. Regrettably, tracheae and esophagi are soft tissue structures, and therefore they are
infrequently represented in the dinosaurian fossil record. However, they are not completely
missing; two known dinosaurs show fossilized tracheae, and one also has a section of the
esophagus preserved. Coincidentally, both of the fossils, Sinosauropteryx prima and Scipionyx
samniticus, are members of the same family, the Compsognathidae. Both of these specimens,
their preserved elements of interest, and their preservational status are briefly discussed.
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2.1.2. Introduction to Sinosauropteryx and Scipionyx
Sinosauropteryx prima
Chen et al. (1998) described a compsognathid with some soft-tissue preservation from
China. The specimen, Sinosauropteryx prima (NIGP 127587), is a preserved 0.69 m in length;
however, based on the tail length of a smaller specimen, NIGP 127586, it is estimated to be 1.07
m in total length (Currie and Chen, 2001). It was described as a young adult probably
approaching mature size, although still young when it died (Currie and Chen, 2001). LinghamSoliar (2012) noted that this specimen also has a preserved tracheal tract approaching 8.7 cm in
length. Unfortunately, the trachea has been displaced well outside of the body ventrally beyond
the scapulocoracoid and thus does not occupy its true position (Fig. 2.1). Additionally, the
trachea has, probably as a result of decomposition, been notably folded ventrally (LinghamSoliar, 2012). As a result, discussion of tracheal visceral geography is immediately rendered
unworkable and untestable.
The preserved trachea is rather large at approximately 7 mm in diameter with the height
of the ring approximately 8 mm. The thickness of the cartilages are approximately 3 mm;
however, the poor quality of preservation of this fossil makes for a particularly difficult
assessment of size. Given these large dimensions, it is reasonable to assume that distortion and
compression are responsible for altering the size. Using the equation given by Hinds and Calder
(1971) for relating average tracheal diameter (dtrachea) to body mass (m) for birds:
dtrachea = 0.531m0.348

(2.1)

and a derived regression of that equation for relatively short-necked galliform birds by Snively et
al. (2013):
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dtrachea = 0.2959log m – 0.3406

(2.2)

tracheal diameter estimates of 4.3 and 3.8 mm respectively (given a body mass estimate of 0.55
kg from Therrien and Henderson, 2007) were estimated. Thus the preserved trachea is nearly
twice as large as it has been estimated to be. This is, again, likely due to some taphonomic
compression of the fossil.

Figure 2.1. Sinosauropteryx prima NIGP 127587. Inset shows a close-up of the trachea with
arrows pointing to the tracheal rings. Scale bar = 5 cm. From Lingham-Soliar (2012).
This specimen also has stomach contents consisting of a semi-articulated lizard skeleton
(Chen et al., 1998; Currie and Chen, 2001). Additionally, another specimen of Sinosauropteryx
(GMV 2124) was found with mammal remains in its gut (Ji and Ji, 1997). Additional
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compsognathids have been found with preserved stomach contents: Scipionyx (Dal Sasso and
Signore, 1998a), Compsognathus (Ostrom, 1978), and Sinocalliopteryx (Xing et al., 2012).
Scipionyx samniticus
A remarkably well-preserved compsognathid from the lower Cretaceous of Italy,
Scipionyx samniticus, was fossilized with a wealth of soft-tissue preservation (Dal Sasso and
Signore, 1998a, b; see Figures 2.2 and 2.3). The holotype, SBA-SA 163760, is a three-week-old
hatchling specimen measuring 237 mm in length. In 2011, Dal Sasso and Maganuco estimated
the total length, as the tail is missing, to be 461 mm. In addition to the skeleton, fossilized
skeletal muscles, the trachea, the esophagus, large intestines, and the liver were observed and
reported to have been preserved in situ (Dal Sasso and Signore, 1998a, b; Fig. 2.3). A section of
the trachea and the esophagus can be seen to be preserved in the posterior cervical region
(uppermost thoracic), immediately anterior to the scapulocoracoid complex (Dal Sasso and
Signore, 1998a; Fig. 2.3). The in situ skeletal preservation of Scipionyx suggests that its
fossilized soft tissues were probably subjected to little if any significant postmortem distortion
(Quick, 2008). Given that every indication suggests this individual settled and was buried in a
low-energy environment, with minimal, if any, skeletal displacement, there is no reason to
suspect the internal organs were not faithfully preserved in situ (Chinsamy and Hillenius, 2004).

91

Figure 2.2. Scipionyx samniticus. Scale bar = 2 cm. With permission from Dal Sasso and
Maganuco (2011).
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Figure 2.3. Diagram of soft-tissue preservation of Scipionyx samniticus. Reproduced with
permission from Dal Sasso and Maganuco (2011).

2.1.3. History of the Arguments of Scipionyx’s Visceral Geography
Since its discovery, there has been ongoing debate (e.g., Ruben et al., 1997, 1998, 1999,
2003; Jones and Ruben, 2001; Paul 2001, 2002; Chinsamy and Hillenius, 2004) surrounding
whether the preserved viscera of Scipionyx indicate a more crocodylian or more avian visceral
geography and thus a more crocodylian or more avian anatomy. Most of these arguments
surrounded the placement of larger organs such as the stomach, the intestines, and the liver;
however, attention has been paid to the trachea as well. Previous authors (e.g., Ruben et al.,
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1999, 2003; Chinsamy and Hillenius, 2004) have argued that Scipionyx’s trachea in the upper
thoracic region is situated well ventral to the vertebral column and thus is more like that of a
crocodylian. Another investigator, Quick (2008), argued for a more crocodylian placement of the
trachea as well. Quick (2008) did a comprehensive study of visceral geography in this
compsognathid and used computed topography of Scipionyx samniticus to show that theropod
visceral structure, orientation, and geography (in regard to other organ positions such as the liver,
lungs, and stomach) were strikingly similar to that of a crocodylian. Quick (2008) then
mentioned that a Sinosauropteryx specimen (reference made to Chen et al., 1998) exhibits a liver
placement that is strongly suggestive that Sinosauropteryx and Scipionyx may have possessed
digestive and respiratory morphology similar to crocodylians. They argued, as did Ruben and
colleagues (1999) and Chinsamy and Hillenius (2004), that the tracheal placement is well ventral
to the vertebral column and thus more crocodylian in nature. This study confirms the assertion
that in crocodylians the trachea is certainly ventrally placed when viewed laterally (Fig. 2.4).

Figure 2.4. Alligator mississippiensis radiograph showing course of trachea in right lateral view.
This contrasts to the avian posterior trachea as outlined by McLelland (1989) wherein the
trachea is positioned more dorsally along its length, nearer to the adjacent vertebral column. This
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facilitates the entry of the trachea into the dorsally attached parabronchi, though it may drop well
below the vertebral column. This was supported by Chapter 1 of this thesis. Paul (2001, 2002)
argued that the tracheal position of Scipionyx is compatible with both bird and crocodylian
respiratory systems. Dal Sasso and Maganuco (2011) agreed with Paul (2001, 2002) and argued
further in their favor, saying that in birds with long necks the trachea may run more ventrally and
that the position of the preserved trachea is not immediately adjacent to the lung entrance (thus it
does not offer reliable evidence regarding lung depth). A ventral tracheal placement was
observed in large and longer necked birds (e.g., Branta canadensis, Fulica americana, and
Struthio camelus; Chapter 1). While a mobile trachea may allow ventral positioning in any bird,
it does not appear to be a common enough occurrence except in larger, longer necked birds.
Rather, the trachea was observed typically to remain well lateral to dorsolateral in position (refer
to Chapter 1 for a comprehensive and broad taxonomic survey illustrating this point).

2.1.4. Hypothesis Regarding Displacement and the Aim of the Study
Previous investigators may have presented clear cases for or against the visceral
geography of most of the organs, but none has offered a compelling, comprehensive argument
for the trachea’s position. All prior arguments stemmed from an incomplete understanding of the
trachea’s placement, for the only argument that has been advanced says that it is “more ventrally
placed” or “less ventrally placed” and thus more crocodylian or more avian. While it is true that
some crocodylians have a normal medioventral placement of both the trachea and the esophagus
with slight, if any, capabilities to be lateralized, some have a lateralized trachea. The crocodylian
lateralization, however, still remains ventrally placed and so is described as ventrolateral.
Although it crosses from a parasagittal to the sagittal plane, it does not show tracheal rotation,
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and it would not appear to be oblique when viewed in profile. Here oblique means crossing from
a parasagittal/lateral to sagittal/medial plane and vice versa. Crocodylian lateralization contrasts
with avian lateralization. Due to the vertically oriented S-shape of the bird neck, moving
obliquely would be far more apparent. The highly variable avian lateralization which can be
typically described as midlateral – dorsolateral can even be ventral – ventrolateral. Of notable
interest here is that often the trachea is seen to enter the thorax dorsolaterally in birds, with the
trachea obviously oblique and also rotated so that the mediodorsal point of the trachea faces
medially toward the vertebrae. Thus, comparing the two without addressing that crocodylians
and birds exhibit multiple tracheal placements oversimplifies a complex problem.
Therefore, a modification of the terminology is suggested to specify whether the trachea
is positioned more “avian lateral” in nature (i.e., does the trachea not only exhibit considerable
lateralization along the neck, but does it hint at some mid to dorsolateral placement with rotation
and oblique, particularly coming into the upper thoracic region), more “crocodylian lateral” (i.e.,
does the trachea show lateralization while remaining ventrally placed throughout, particularly
near entrance to the upper thoracic), or more “standard normalized” like a typical mammal,
lepidosaur, or Alligator (i.e., does the trachea display no lateralization and a medioventral
pathway which runs parallel to the cervical column, particularly in the upper thoracic region).
None of these studies or arguments have considered tracheal and esophageal
displacement and the implications of tracheal placement resulting from it. Furthermore, as of yet,
no one has tried to reconstruct the trachea to understand its dimensions more fully and
consequently both its immediate geography and its inferred pathway. If it is true that the organs,
including the esophagus and trachea, have been preserved in an undisturbed, in situ state, this
specimen represents an ideal opportunity to address these questions. This section of the thesis
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will explore whether or not tracheal and esophageal displacement is represented in theropod
dinosaurs and upon what evidence these inferences are based. This potential will be addressed
through the following: (1) reconstruction of the muscular arrangement of the neck (whether it
would allow free mobility of organs as the bird neck does or whether it would be more restrictive
as is a crocodylian neck). This can be accomplished through the use of the extant phylogenetic
bracket (Bryant and Russell, 1992; Witmer, 1995) to determine soft-tissue (i.e., muscle)
inferences by assessing osteological correlates for particular muscles. In addition, a simplified
extant phylogenetic bracket will be made to establish the potential occurrence of displacement
alongside what is assessed for muscular inferences. This is accomplished simply by considering
the trait’s known phylogenetic distribution and inferring the condition for compsognathids. (2)
Direct observational inferences on the fossil itself with a comparative anatomical basis and a
concluding phylogenetic bracket. From the observations, a reconstruction of the trachea in three
dimensions will be presented, as well as an extrapolated picture of its overall pathway to
determine if it is more normalized or more lateral in nature. Last, the most likely pathway for the
esophagus will also be reconstructed.
It is hypothesized that the extant phylogenetic bracket approach used here should indicate
a reasonable chance that theropod dinosaurs also showed tracheal and esophageal displacement
and that, although reconstructed musculature may be “restrictive” (in the sense that it should
hold the trachea and the esophagus in place as in mammals, for example), such musculature does
not and should not entirely preclude the existence or likelihood of displacement.
A more in-depth examination of the evolution of tracheal and esophageal displacement
and its functional significance will be the subject of the succeeding chapter.
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2.2. Methods
2.2.1. Dissections and Radiographs of Relevant Taxa
Numerous species of birds from a wide array of families and orders were dissected to
compare the visceral geographic placement of the esophagus and the trachea with other taxa, and
to aid in interpreting soft tissue structure in Scipionyx. The species of birds used are outlined in
Chapter 1’s Methods section. The neck, and occasionally the thorax, was dissected in these
species. Two juvenile Alligator mississippiensis were also dissected. Many specimens were
radiographed prior to dissection to ensure that no geographic placement was altered or
misrepresented during the dissection.

2.2.2. Extant Phylogenetic Bracketing
The “extant phylogenetic bracket,” (EPB; Bryant and Russell, 1992; Witmer, 1995)
allows comparison of extinct taxa with extant taxa. The extant phylogenetic bracket is a
framework for inferring unpreserved soft tissues in extinct taxa by using at least two extant sister
taxa to bracket the extinct taxon to establish a working hypothesis of the soft tissues’ existence
(Witmer, 1995). This method works by comparing morphological similarities between two
extant taxa. The extinct taxon of interest, which lies between the two extant taxa, is then assigned
a level of inference which tells us the likelihood that the extinct taxon would or would not
exhibit morphological characters of interest. Witmer (1995) established a ranking system of
inferences according to phylogenetic support. A Level I inference occurs when both extant taxa
possess a soft-tissue and an associated osteological correlate. A Level II inference is made when

98

only one of the extant taxa used for bracketing has a soft-tissue and osteological correlate. A
Level III inference occurs when neither bracketing taxon has the soft tissue of interest. Often, as
with tracheae and esophagi, soft tissues lack osteological correlates, and given positions of
interest may be variably present in the bracketing taxa. In such cases, further inferences, given
prime (ʹ) designations, can be made (Iʹ, IIʹ, and IIIʹ). These prime level inferences can actually be
comparably robust inferences not unworthy of recognition, but they do still require more
speculation. Not only does the EPB approach assess soft tissue presence, it also has utility in
determining probable behavior of extinct animals by correlating behavior with a muscle function
(Bryant and Russell, 1992; Snively and Russell, 2007b). Extant phylogenetic bracketing is used
here to infer muscle homologies for theropods. The bracketing approach is also used in a similar
manner where the condition of the placement of organs in extant taxa is used to infer the
placement of organs in extinct taxa.

2.3. Results
2.3.1. Extant Phylogenetic Brackets
Before any observations and inferences are made on the Scipionyx fossil itself, a
proposed cladogram can be made to assess the potential of tracheal and esophageal displacement
in theropods. As the first phylogenetic “pole,” the crocodylians, ambiguously demonstrate
lateralization while the second “pole,” the aves, consistently demonstrate displacement, the
bracketed theropod groups (i.e., Scipionyx) are immediately assigned a Level II inference.
Unfortunately, as neither tracheae nor esophagi have an osteological correlate (and more
critically for this study, they do not leave any correlate for assessing their geographies), the
inference is assigned a prime level. Therefore, theropods are bracketed here in a starting
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hypothesis of at least a Level II’ inference (Fig. 2.5). This is to say that the hypothesis that
theropod dinosaurs such as Scipionyx had a lateralized trachea and/or esophagus is equivocal.

Figure 2.5. Initial cladogram showing the presence of tracheal and esophageal displacement
(TED) in Sauria and hypothesized presence in Scipionyx using the extant phylogenetic bracket.

2.3.2. Dinosaur Muscles and Models
Muscles present in crocodylians and aves can be inferred robustly to be present in
compsognathids, as well as other theropod dinosaurs. Much research has been done in
reconstructing the muscles of large-bodied theropods, such as the tyrannosaurids (Snively and
Russell, 2007b, c; Tsuihiji, 2010) and Allosaurus and Ceratosaurus (Snively and Russell,
2007c). Due to the close phylogenetic proximity of Scipionyx and the compsognathidae to the
tyrannosauridae, it is reasonable to assume that what has been established for the musculature of
tyrannosaurs can also be applied to compsognathids. Therefore the models of Tsuihiji (2010) and
Snively and Russell (2007b) were followed in reconstructing the epaxial and hypaxial
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musculature of Scipionyx (Figs. 2.6 – 2.11). The terminology is that used by Tsuihiji (2005,
2007, 2010).

Figure 2.6. Reconstructed insertion points of neck muscles onto the cranium. Posterior view.
Redrawn from Dal Sasso and Maganuco (2011). Red = m. spinalis capitis (s.c.); Dark red = m.
longissimus capitis pars articuloparietalis (l.c.a.); Dark yellow (solid) = m. rectus capitis
posterior (r.c.p.); Dark yellow with stripes = m. obliquus capitis magnus (o.c.m.); Gold = m.
episternocleidomastoideus (esm); Orange = m. rectus capitis lateralis (a part of m. iliocostaliscapitis) (r.c.l.); Dark green + orange stripes = m. longissimus capitis pars transversalis cervicis +
m. iliocostalis capitis (l.c.t.); Green = m. rectus capitis anterior (r.c.a.). Scale bar = 10 mm.
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Figure 2.7. Deepest and ventral-most neck muscles. Right lateral view. Green = m. rectus capitis
anterior (Aves – m. rectus capitis ventralis) (r.c.a.); Turquoise = m. longus colli ventralis (l.c.v.);
Light-turquoise = m. scalenus (scl). Scale bar = 5 cm.

Figure 2.8. Intermediate neck muscles. Dorsal and right lateral views. Dark yellow = m. splenius
capitis (m. rectus capitis posterior + m. obliquus capitis magnus) (r.c.p.); Dark green = m.
longissimus capitis pars transversalis cervicis (l.c.t.); Orange = m. iliocostalis capitis (i.c.); Pale
yellow = m. transversospinalis cervicis (Aves – m. longus colli dorsalis) (t.cerv.). Scale bar = 5
cm.

102

Figure 2.9. Superficial neck muscles. Dorsal and right lateral views. Red = m. spinalis capitis
(s.c.); Dark red = m. longissimus capitis pars articuloparietalis (l.c.a.); Light brown = m.
longissimus capitis pars transversalis capitis/longissimus capitis superficialis (l.c.t.c.).
Additional reconstructed cranial muscles. Purple connecting articular and squamosal = m.
depressor mandibulae (d.m.); Bright purple on mandible = m. pterygoideus posterior (pt.p.);
Dark purple in infratemporal = m. adductor mandibulae externus superficialis (a.m.e.s.);
Lavender (grayish purple) = m. adductor externus medialis (profundus?) (a.e.m.); Royal purple
crossing orbit and antorbital fenestra = m. pterygoideus anterior (pt.a.). Scale bar = 5 cm.
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Figure 2.10. Strap muscles of the scapulocoracoid. Dorsal and right lateral views. The areas now
colored in gray and gold represent the m. levator scapulae (esm lev.scap.) and the m.
sternomastoideus (esm st.mast.) respectively. Together they constitute the m.
episternocleidomastoideus. Scale bar = 5 cm.
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Figure 2.11. Ventral view of cervical hypaxial, infrahyoid, and strap muscles. (A) Deepest. (B).
Deep with the omohyoid. (C). Superficial. Abbreviations and color scheme as follows: Green =
m. rectus capitis anterior (r.c.a.); Turquoise = m. longus colli ventralis (l.c.v.); Light-turquoise =
m. scalenus (scl); Blue-gray = m. omohyoideus (omo); Dark-blue = m. episternobranchialis
(esb); Lime = m. sternohyoideus (shy); m. episternocleidomastoideus (esm) divided into m.
sternomastoideus (st.mast.) colored gold and m. levator scapulae (lev.scap.) colored gray. Scale
bar = 5 cm.

Transversospinalis group:
M. spinalis capitis (s.c.), m. longissimus capitis, pars articuloparietalis (l.c.a.), and m.
transversospinalis cervicis (t.cerv)
The m. spinalis capitis, or m. transversospinalis capitis as it is also often called,
originates from the tips of the vertebral neural spines and inserts along the dorsal end of the
supraoccipital and part of the adjacent area of the parietal (Tsuihiji, 2010). Neural spines in
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Scipionyx vary from region to region. From C2 to C4 the neural spines decrease in height. From
C5 to C7 they elongate craniocaudally while also remaining equally low in height. From C8 to
C10 they become taller but are shorter craniocaudally (Dal Sasso and Maganuco, 2011). The
supraoccipital begins rostrally with a transverse ridge that marks the transition between the
dorsal and the occipital plane, as well as being a surface marked by a rugose texture for the
attachment of the nuchal muscles (Dal Sasso and Maganuco, 2011). This muscle, which is easily
and readily observed in both crocodylians and aves, is assigned a Level I inference. The medial
part of this muscle is homologous to the m. biventer cervicis of birds (Tsuihiji, 2010). A small
patch of preserved musculature lies between the neural spines of D6-D7 in Scipionyx. Dal Sasso
and Maganuco (2011) relate this to either a portion of the M. transversospinalis group or perhaps
the M. longissimus dorsi.
The m. longissimus capitis pars articuloparietalis, or the m. complexus of birds, or the
non-homologous crocodylian m. spino-capitis posticus, originates in tyrannosaurids from tall
cervical epipophyses and inserts on the posterior aspect of the squamosals (Snively and Russell,
2007c). Tsuihiji (2010) determined the insertion point for the m. longissimus capitis pars
articuloparietalis/m. complexus to be lateral to the insertion of the m. spinalis capitis on a broad
region of the parietal. In tyrannosaurids, Tsuihiji (2010) inferred its insertion as being into a
concave, posterior surface of the nuchal crest of the parietal. However, Scipionyx lacks a concave
region of the parietal but rather has a large, broad, convex surface upon which it may have
inserted. The cervical epipophyses that serve as origin points on Scipionyx are generally short
and rounded. They become increasingly smaller throughout the cervical series except for those of
C6, which is the largest and is pointed rather than rounded (Dal Sasso and Maganuco, 2011). The
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epipophyseal origins are therefore low and small in Scipionyx. This muscle, as determined by
Tsuihiji (2010), is reasoned to be a Level I inference.
The m. transversospinalis cervicis originates beneath the m. spinalis capitis from the
lateral surface of the neural spines of C3-C10 in crocodylians, and slips of it extend
anterolaterally to converge into a tendon that inserts on the lateral tip of the paroccipital process
(Tsuihiji, 2005). The muscle is homologous to the avian m. longus colli dorsalis. Snively and
Russell (2007c) inferred for tyrannosaurs that m. transversospinalis cervicis originates similarly
from the lateral surfaces of neural spines of C4-C10 and inserts onto the posteriorly faced scars
of the anterior epipophyses of C2 and C3.
The neural spines of Scipionyx are low and long craniocaudally in the mid cervical region
while taller but shorter in the posterior cervical region, which would indicate small origin areas.
However, the axial epipophysis is, as Dal Sasso and Maganuco (2011) described, large and
extends caudally beyond even the postzygapophysis. Therefore, there is at least a large insertion
site for the muscle at this level. Although Snively and Russell (2007c) posited that some
posterior cervical epipophyses may serve as insertion sites, for at least tyrannosaurids, it might
not likely be the case for Scipionyx, which has ever increasingly smaller epipophyses. Dal Sasso
and Maganuco (2011) pointed out that by the tenth and last cervical vertebra the epipophyses are
no longer recognizable.
M. obliquus capitis magnus (o.c.m.) and m. rectus capitis posterior (r.c.p.)
Snively and Russell (2007c) described the m. splenius capitis (medial part) as originating
from the anterolateral surface of the neural spine of C2 and inserting on the posterior surface of
the parietals in tyrannosaurids. Additionally, they described the lateral part of the m. splenius
capitis as originating from C3 and the lateral wings of the spine table of C2. The insertion was
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on the squamosal lateral to the caudoventral portion of the parietal and medial to the insertion of
the m. longissimus capitis pars articuloparietalis/m. complexus. Tsuihiji (2005, 2010) noted that
the lateral part of the m. splenius capitis of birds is homologous to the m. epistropheo-capitis of
crocodilians, while the medial part is homologous to the atloïdo-capitis of crocodilians. Tsuihiji
(2005, 2010) further identified the lateral division of the m. splenius capitis as the m. obliquus
capitis magnus and the medial division as the m. rectus capitis posterior after their nomenclature
with Lepidosauria. Herein, this muscle is referred to as did Tsuihiji (2010) (i.e., m. obliquus
capitis magnus and m. rectus capitis posterior). Unlike Snively and Russell (2007c), who
reconstructed the insertion point of the m. obliquus capitis magnus (their lateral “m. splenius
capitis”) somewhat dorsolateral to the supraocciput and extending onto the parietal, Tsuihiji
(2010) inferred the insertion point of the m. obliquus capitis magnus to lay in the large
depression of the paroccipital process covering a significant portion of the paroccipital process
from the medial border to a very lateral border. As for Scipionyx, the insertion of the m. obliquus
capitis magnus is inferred here to lie in the large depression of the inwardly bowed paroccipital
process. The m. obliquus capitis magnus is represented as a Level Iʹ inference (Tsuihiji, 2010).
The m. rectus capitis posterior, a Level I or Iʹ inference, as it sometimes lacks a
prominent osteological correlate, inserts on the supraoccipital as it does on all extant diapsids. It
also inserts ventral to a prominent dorsal process of the supraocciput and perhaps onto the
parietal (Tsuihiji, 2010). A similar prominent dorsal process of the supraocciput is reconstructed
by Dal Sasso and Maganuco (2011) as well as a prominent lateral process which borders the
squamosal dorsally. The m. rectus capitis posterior is herein inferred to lie between, or
ventromedial to, the two processes.
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Longissimus and Iliocostalis group:
M. longissimus capitis, pars transversalis capitis/m. longissimus capitis superficialis
(l.c.t.c./l.c.s.), a complex of m. longissimus capitis, pars transversalis cervicis + m. iliocostalis
capitis (l.c.t.), and m. rectus capitis anterior (r.c.a.)
Snively and Russell (2007c) discussed the origin of the m. longissimus capitis, pars
transversalis capitis, their “m. longissimus capitis superficialis” (a muscle absent in birds) from
either the distal, lateral, or ventrolateral portion of the transverse processes, starting around C5C6 and having the most posterior origins at either C10 or D1. The insertion point was inferred to
be on the lateral extremity of the paroccipital. Tsuihiji (2010), however, did not reconstruct this
muscle as it is absent in Aves and does not leave a definite osteological correlate even when
present in crocodilians (therefore creating a Level IIʹ inference). It is, however, considered in this
reconstruction using a crocodylian like model.
Here, Tsuihiji (2010) is also followed in reconstructing a combined m. longissimus
capitis, pars transversalis cervicis (Level I), m. iliocostalis capitis (Level II), and m. rectus
capitis anterior (Level I – also, technically it is a hypaxial muscle). The insertion of these three
muscles is on the basal tubera with the insertion of the two former ones broadly covering the
basal tubera. The insertion of the m. rectus capitis anterior on the medial ridge spreads to the
ventral end of the basioccipital and adjacent posteroventral part of the basisphenoid (Tsuihiji,
2010). The m. longissimus capitis pars transversalis cervicis correlates to the crocodylian m.
longissimus capitis profundus and to a part of the avian m. rectus capitis dorsalis (Snively and
Russell, 2007c; Tsuihiji, 2010). The m. longissimus capitis pars transversalis cervicis originates
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from the transverse processes of the anterior cervicals (Snively and Russell, 2007c). The m.
iliocostalis capitis is similarly identified in crocodylians and it correlates to another part of the m.
rectus capitis dorsalis in birds (Tsuihiji, 2010). The m. iliocostalis capitis originates from the
fascia surrounding the shafts of the cervical rib and may also originate from the large proximal
surfaces of the posterior cervical ribs (Snively and Russell, 2007c). The cervical ribs of
Scipionyx have, as a result of postmortem dehydration, been tightly appressed to the centra (Dal
Sasso and Maganuco, 2011). In life, though, they were likely less affixed and so would have
actually served as suitable attachment points for muscles. The m. rectus capitis anterior is
homologous to the avian m. rectus capitis ventralis and the crocodylian m. rectus capitis anticus
major (Tsuihiji, 2010). It originates from the hypopophyses and ventral surfaces of the cervical
centra (Snively and Russell, 2007c) and inserts ventromedially to the insertion of the combined
m. longissimus capitis pars transversalis cervicis and m. iliocostalis capitis complex.
Hypaxial group:
M. rectus capitis anterior (r.c.a.), m. rectus capitis lateralis (r.c.l.), m. longus colli ventralis
(l.c.v.), and m. scalenus (scl)
The m. rectus capitis anterior was discussed above as part of a combined m. longissimus
capitis, pars transversalis cervicis and m. iliocostalis capitis group due in part to the extremely
close proximity of their insertion points on the basal tubera. This muscle was observed in
Alligator to originate from the hypopophysis of C2 to about C7 as well as on the ventral surface
of the rib of C1. Tsuihiji (2007) additionally described another origin point for this muscle in
Alligator as being the ventral surface of the intercentrum of C1. This was not observed, nor much
of the ventral portion of C1-C2, largely due to efforts in maintaining everything around the
hyoid, larynx, and anterior esophagus (glottis) intact.
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The m. rectus capitis lateralis of theropods inserts on the distal end of the paroccipital
process and is homologous to the avian m. rectus capitis lateralis and to part of the crocodilian
m. iliocostalis capitis (Tsuihiji, 2010). It originates from the ventral processes of several
cervicals. This muscle was inferred to be a Level I or Iʹ.
The m. longus colli ventralis was reconstructed by Snively and Russell (2007b). It
originates from the ventral surfaces of the centra and inserts on the transverse processes of the
more cranial vertebrae in birds. In Alligator, it originates on the ventral body of the vertebrae and
tips of the hypopophyses (as mentioned by Cong et al., 1998) of C4-D3 as well as on the cervical
ribs. It inserts on the distal tips of the cervical ribs. Given its notable presence in crocodylia and
aves it is inferred here as a Level I inference. Hypaxial musculature probably relatable to the m.
longus colli ventralis is preserved on the Scipionyx fossil on the ventral side of the centra of D24 and wedged between the scapula and the first dorsal rib.
The m. scalenus, which was also not reconstructed by Snively and Russell (2007a, b, c)
nor Tsuihiji (2010), is considered for crocodylians by Tsuihiji (2007) as derived from the ventral
part of the mm. intercostales externi. It originates, as Tsuihiji (2007) described, in crocodylians
from the ventral and lateral aspects of cervical rib shafts of C3-C9, and fibers insert on the next
most anterior cervical rib. This, however, is not the case with fibers originating from C9, which
insert not only on C8 but also on C7-C5. Cong and others (1998) described that the fibers of m.
longus colli and this muscle are so interdigitated that the two fuse at their attachments to the tips
of the ribs. In aves, the mm. intercostales externi and mm. levatores costarum are homologous to
scalenus, and the m. scalenus arises from the lateral edge of the unfused cervical ribs and inserts
on the transverse process of the next anterior vertebrae (Tsuihiji, 2007).
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Other muscles including scapular and infrahyoid groups:
M. episternocleidomastoideus part of m. iliocostalis capitis (esm), omohyoideus (omo), m.
sternohyoideus (shy), and m. episternobranchialis (esb)
The m. episternocleidomastoideus was inferred (Level IIʹ) by Tsuihiji (2010) to insert on
the distal end of the paroccipital process. It is considered by Tsuihiji (2007) to be the m.
cucullaris. Fürbringer (1876) considered two derivatives of the m. cucullaris for crocodylians,
the m. dorsoscapularis and m. capitisternalis. The m. capitisternalis is what is important for this
study. The m. capitisternalis is itself divided into two parts by the rib of C1, an anterior part and
a posterior part. The anterior part, the m. atlantimastoideus, was observed to originate on the rib
of C1 in Alligator mississippiensis and conformed to Tsuihiji’s (2007) view as inserting on the
lateral margin of the paroccipital process. The posterior part, the m. sternoatlanticus (here
referred to as the m. sternomastoideus), originates somewhat caudolaterally to the m.
sternohyoideus on the ventral surface of the sternum. The m. sternomastoideus is a flat and broad
ventral muscle that inserts onto the distal tip of the elongated rib of C1. It is joined there by the
wide m. levator scapulae which originates along the broad, anterior margin of the scapula. It
remains unclear whether or not dinosaurs had an m. sternomastoideus and m. levator scapulae
joined together at an m. atlantimastoideus.
The m. omohyoideus/m. coracohyoideus was observed in crocodylians to be a long and
narrow strap-like muscle which originates at the upper border of the coracoid near the scapula. It
travels along the ventral/ventrolateral region of the neck running beside the length of the
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esophagus and dorsal to the m. sternohyoideus. It inserts onto the middle of the back (dorsal side)
of the horn of the hyoid. This muscle is absent in birds and so it is assigned a Level II inference.
The m. sternohyoideus is present in both crocodylians and aves and is given a Level I
inference. This muscle originates in birds from the craniolateral process of the sternum and
inserts onto the hyobranchial apparatus. In A. mississippiensis, this muscle was observed to
originate similarly from the craniolateral process of the episternum, immediately caudolateral to
the m. episternobranchialis. The m. sternohyoideus is a flat, broad muscle running ventrally
down the length of the neck covering the ventrolateral portion of the trachea. Around the
posterior portion of the hyoid it forms a short, strong tendon. Anteriorly, it runs into the lower
jaw, inserting onto the posterodorsal margin of the splenial. About a millimeter right of the
trachea is a small region of preserved musculature which Dal Sasso and Maganuco (2011)
suspected to be intrinsic or extrinsic tracheal muscle comparable to m. sternohyoideus or m.
sternotrachealis. Here, it is preferred to infer this muscle mass to be m. sternohyoideus.
The m. episternobranchialis in Alligator originates immediately cranial to the m.
sternohyoideus on the most craniolateral portion of the episternum. It runs along the length of the
ventral portion of the neck as a thin, narrow, and flat muscle which lies ventral and slightly
lateral to the trachea and lies medial to the former muscle (i.e., sternohyoid). It inserts onto the
front (ventral side) posterior part of the horn of the hyoid. The avian m. cleidohyoideus/m.
cleidotrachealis might be an equivalent muscle as its origin is at the clavicle and inserts on the
hyoid. A Level IIʹ inference is made here.
As shown in Chapter 1, muscles such as the m. sternohyoideus, m. episternobranchialis,
m. omohyoideus, and m. sternomastoideus border upon and restrict the trachea laterally and
ventrally. As outlined here, compsognathids and other theropod dinosaurs have been inferred to
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have these muscles, so they should otherwise create restrictions. However, as was also seen,
some vertebrates actually still achieve a lateralized geography despite such muscular restrictions.
Thus, muscular inferences alone cannot fully resolve the issue. These muscular inferences
confirm the equivocal nature of the initial bracket of the trait.

2.4. Discussion
2.4.1. Overview of the Trachea
Though the preserved combined tracheal tract is only 7 mm long and 1 mm high, a vast
amount of information can be gleaned from it, including the position of the trachea. Presented
here is an argument of the size and shape of the reconstructed trachea and its likely geography or
pathway. An enlarged figure of the upper thoracic region can be seen below in Figures 2.12,
2.13, and 2.14.

Figure 2.12. The upper thoracic region of Scipionyx. Scale bar = 2 mm. From Dal Sasso and
Maganuco (2011) with permission.
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Figure 2.13. The upper thoracic region of Scipionyx (line drawing). From Dal Sasso and
Maganuco (2011) with permission. It can be seen that there exists a large segment of trachea
cranial to the furcula and a small segment caudal to the furcula.
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Figure 2.14. Close-up image of the preserved tracheal tract and esophageal outline. tra = trachea;
trar = tracheal rings; atrar = dorsal apexes of one tracheal ring; eso = esophagus. Arrows in lower
left corner point to additional tracheal rings. Scale bar = 1 mm. (Reproduced with permission
from Dal Sasso and Maganuco, 2011).
In the Scipionyx fossil two segments of preserved trachea exists, a large tract cranial to
the furcula and a small tract caudal to the furcula (see Figs 2.14 and 2.15). The rings of the larger
tract can be seen to be opened dorsally, exposing a left and a right side, and the apices of the
tracheal rings, or atrar, as described by Dal Sasso and Maganuco (2011). A readily apparent
inference is that the preserved trachea is not representative of the full tracheal diameter. This
view is not controversial and is shared by Dal Sasso and Maganuco (2011). This is a safe
assumption to make given the relatively small size of the trachea (at only 1 mm in height) even
for a hatchling specimen. Dal Sasso and Maganuco (2011) estimated the size of the completed
trachea to be about 2 mm based off of a single measurement of tracheal size obtained from a Nile
crocodile hatchling of comparable size that had a tracheal diameter of 1.4 mm. However,
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following the equations given earlier (Equations 2.1 and 2.2), size estimates of 3.0 mm and 2.8
mm are obtained (from a body mass as given by Dal Sasso and Maganuco [2011], figured to be
0.2 kg). Thus, a larger sized trachea is figured, with the actual range probably falling between 23 mm. Though the average is likely to be on the higher end of the spectrum, this reconstruction
remains as conservative as possible, presenting it to be roughly 2 mm in diameter to follow Dal
Sasso and Maganuco’s (2011) views. The actual size of the trachea makes little difference to the
overall interpretation. The apices of the tracheal rings do not represent the actual top of the
trachea, but instead represent the height of half of the cartilaginous ring. It is not believed by Dal
Sasso and Maganuco (2011) that the rings were subjected to any shrinkage during fossilization.
Therefore, the reason why the preserved rings are seemingly so small remains an open question.
A segment of an alligator trachea was left out to dry for nearly 24 hours. This did not result in
shrinkage in size.

Figure 2.15. The two “C-shaped rings” which lie caudal to the furcula. Scale bar = one mm.
From Dal Sasso and Maganuco (2011) with permission.
The preserved rings have not been ossified (Dal Sasso and Maganuco, 2011). For
domestic fowl, Bradley (1960) and Mathey (1965) showed ossification commonly occurs in the
ventral half of the trachea, and Hogg (1982) showed that the trachea ossifies caudally to cranially
with age beginning around 98 – 112 days post-hatching. Rings at the caudal end always fully
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mineralize, except for the very last tracheal cartilage which always remains unmineralized
(Hogg, 1982). Thus, the non-osseous nature of the preserved caudad ventral half of the trachea in
Scipionyx samniticus might also be used as independent evidence supporting the specimen’s
young age (< 98 days old).
Dal Sasso and Maganuco (2011) described a pair of C-shaped rings caudal to the furcula
(see Fig 2.14 and 2.15). The C-shaped rings they described do not line up with the larger tract as
they are situated just slightly right of the larger segment. These two rings were most likely
dislocated from the larger tract at some point after death. They are dorsally opened (Dal Sasso
and Maganuco, 2011) and lie on their side. Their size is consistent to the size of the larger
segment at 1 mm in height. The thickness of the cartilaginous rings, as measured from the two Cshaped rings, is approximately equal to 0.30 – 0.35 mm in both the lateral and ventral walls.
Measurements of the thickness of the cartilaginous rings of adult pigeons yielded similar
thicknesses of the lateral wall at about 0.30 – 0.35 mm. The thicknesses of the dorsal and ventral
walls, however, were half that size at about 0.15 mm. In one of the juvenile alligators, the
thickness of the dorsal wall was about 0.30 mm while the ventral wall was 0.40 mm, and the
lateral walls were about 0.70 mm thick. Last, the thickness of the walls of an infant cormorant’s
trachea was measured. Dorsal and ventral walls measured about 0.35 mm whereas the lateral
walls were approximately 0.4 – 0.5 mm thick. Therefore, this theropod dinosaur can be seen to
have had cartilaginous rings more similar in size to birds; however, this dinosaur still needed to
grow both in body and in tracheal size.
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2.4.2. Reconstruction of the Trachea
To reconstruct the visceral geography of this dinosaur’s trachea and esophagus it is first
necessary to reconstruct the organs themselves. The preserved in situ bits can yield important
information. The size, angularity, relative placement, and directionality of the organs, among
other things, must be determined to make further extrapolations regarding overall pathway.
The trachea is, of course, circular to ovoid in cross-section and may change shape
throughout its length. Two types of tracheas exist, complete and incomplete. A complete trachea
is made by a full, unbroken ring of hyaline cartilage. An incomplete trachea, on the other hand, is
made up of a large U-shaped (often referred to as C-shaped) hyaline cartilage joined at the top by
smooth muscle (the m. trachealis muscle). As crocodylian and bird tracheae are complete, it is
likely that a dinosaur trachea would be as well. The larger tract of the trachea in Scipionyx is
seen to have two sides as noted by Dal Sasso and Maganuco (2011) in which it can be observed
to have left dorsal apices and right dorsal apices (apex of tracheal rings or “atrar” in Figures
2.14, 2.16, and 2.17). Again, the height at 1 mm is too small to represent the whole, but instead
the apices represent the top half of the U-shape of the cartilaginous rings. Thus, only the lower
half was preserved (Fig. 2.16). The fact that not only the right apices but also (and more
importantly) the left are observed, lends extra support to the fact that only the ventral half was
preserved. Had the whole complete ring been preserved, the left side (left atrar) could not and
would not be seen. Thus, the trachea needs to be reconstructed with a top half added to complete
its size (reference here is made to the arches in Fig. 2.17). Additionally, because the top of the
left half is visible in dorsolateral view (i.e., the left side is slightly “raised above” the right atrar),
it is possible to deduce that there is a slight rotational component to the piece. Further, because
the left side is also seen, all three dimensions are preserved. This shows its somewhat oblique
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nature (as it can be seen to three-dimensionally come out toward the observer slightly in its
preserved position; Fig. 2.17). This tilt and inferred oblique orientation show a visible
mediodorsal point. This visible mediodorsal point gives additional strong support of an oblique
orientation, or a segment that comes in from another plane (i.e., lateral to medial). These factors
allow a reconstruction of the trachea (Fig. 2.17) and a determination of the height, right and left
sidedness (width), and angularity.

Figure 2.16. Explanatory cross sections of observations of Scipionyx. (A). The completed
tracheal ring in cross section. (B). Due to the fact that the measured height of the preserved tract
of trachea is only 1 mm, which is too small, it is inferred that the top half of the trachea was not
preserved. Therein represented by half of a ring. (C). The trachea has experienced lateral
compression (indicated by the arrows) bringing the apices of the tracheal rings (atrar) very close.
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Figure 2.17. Left. Diagrammatic cross section of a schematic trachea that has been rotated or
tilted so that the left apices of tracheal rings (atrar) are “above” the right atrar. Middle. Larger
section of the preserved trachea of Scipionyx samniticus. Right. The larger preserved segment of
the trachea. Some borders drawn out here. Blue lines represent the right lateral wall while the red
lines indicate the left lateral wall. Two arches have been added to represent that the tracheal
height needs to be increased. The black line represents the very top mediodorsal point of the
trachea. As the left atrar are visible, tilt, three dimensions, and obliquity are observed.

At the most cranial end of the preserved trachea, a segment that has no apices exists but is
instead representative of the inside of the left wall of the trachea (colored in red in Fig. 2.18 left;
pers. com., Dal Sasso, 2014). Lastly, beneath the aforementioned cranial inner left lateral wall, a
very faintly preserved strip exposed dorsally exists. This strip is of the top of the inside ventral
portion (colored in gold in Fig. 2.18 left; pers. com., Dal Sasso, 2014). The argument that the
trachea is in fact slightly oblique is strengthened as the inside of the left wall as well as the top of
the inner ventral wall are visible. This could only be possible if not only the right lateral wall and
the top half were not preserved (as has already been established) but also the trachea was both
slightly oblique and rotated so that the most dorsal point was lying somewhat on its side (facing
medially to a small degree at least to allow an observer on the right side to look down on it). If
the segment were horizontally positioned, as one would expect given the idea of normal
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positioning, no ventral strip nor the left atrar would be visible. It would not be possible to
reconstruct a mediodorsal line because the outside of the right lateral wall would be visible (i.e.,
the trachea in three dimensions could not be seen). Therefore, an accurate reconstruction of the
larger segment, its upper and lower lateral borders, its angle, its relative height and width, and its
immediate directionality both cranially and caudally can be done (Fig. 2.18 right).

Figure 2.18. Left – The most cranial portion of the larger segment. Seen (in red) is a strip that is
lacking atrar. This strip represents the inside of the left lateral wall. Seen below it is a long strip
(in gold) which is of the top of the ventral border (pers. com., Dal Sasso, 2014). Right – Portions
colored in blue represent the right half of the trachea while portions colored in red represent the
left half. The segment is notably oblique. [An important note about the oblique effect. These
images create an optical illusion of it coming out toward the observer more than it actually does
as the “transverse cut” (the caudally placed oval) is not a true transverse cut, but actually angled
(making visible more fully the mid and lower left borders). This creates an optical illusion of the
piece being more oblique than it really is.]

There is one other small bit of preserved trachea under (caudal to) the furcula (Fig. 2.15).
It consists of two C-shaped tracheal rings that appear to be slightly displaced directly right of the
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larger segment and rotated so as to lie nearly 90˚ perpendicular to the fossil (so as to appear that
it is coming out directly toward the observer). This piece was likely displaced from the larger
section. The correct reconstruction should rotate the two rings 90˚, so that the opened section
faces dorsally, and should also shift these two rings slightly left into position with the larger
tracheal tract. Lastly, to keep them in line with the larger tract as best they can be, they are
reconstructed with more lateral compression than they initially exhibit. The caudal C, or Ushaped, rings represent the entire preserved cross-section of the trachea (pers. com., Dal Sasso,
2014). Thus, they conform to the larger tract’s size in that they too are missing the top half of the
rings. The complete tracheal reconstruction can be seen below in Figure 2.19.

Figure 2.19. Complete reconstruction of the larger and smaller tract of the preserved trachea.
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2.4.3. Reconstruction of the Overall Tracheal Pathway
As has just been outlined, there is now an established solid reconstruction of the
preserved tracheal tract in its most immediate area. The next part of the interpretation is an
extrapolation of the overall tracheal pathway. The reconstructed trachea can reveal a lot not only
about its immediate position and of its size but also about its relative position and general
trackway.
From the above reconstruction, it can be concluded that the trachea has come into the
thoracic region at a slightly oblique angle as previously elaborated. This is the most important
and telling detail of the reconstruction and it shows that the trachea is well exposed in dorsal
aspect. Essentially, the top of the trachea, its mediodorsal point, is visible. Assuming a normal
medioventral pathway, and a two-dimensional parasagittally sectioned view, no trachea would be
visible in such a dorsal view. In vertebrates that exhibit a normal medioventral pathway, the
trachea (when viewed in profile) appears well ventral to the vertebrae. More importantly, the
trachea would be seen in a wholly lateral view where the dorsal aspect faces directly up and to
the ventral side of the vertebrae. The lateral side of the trachea faces directly perpendicular to the
neck (i.e., it faces the observer). Additionally, rotation would not be observed.
The fossilized trachea can be seen to have come into the thoracic region at a roughly 70˚
angle (with respect to the horizontality of the dorsal vertebrae). If the trachea were following a
normalized pathway, such a steep angle and high placement in the region it is in would not exist.
Rather, it would run ventrally, paralleling the neck throughout its length. In this case, a more
ventral position would be indicated by the trachea lying either more to the right on the fossil than
its present position with its current angle or it would lie more horizontally in its present position,
rather than exhibiting a strong angle (Figure 2.20). Here, given the near perfect straightness of
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the preserved section with zero indication at the most anterior part of any even slight curvature, it
is possible to assume that the trachea is not coming in from the normal path.

Figure 2.20. Hypothetical pathways. Left – What the tracheal pathway in Scipionyx would look
like with a normalized route. Right – What the tracheal pathway in Scipionyx would look like
assuming a lateralized route. Dorsal and right lateral views presented. Color scheme as in
previous figures. Scale bar = 5 cm.

Despite the arguments made by Ruben and others (1998, 1999) and Paul (2001, 2002)
regarding the trachea as being “more ventral” or “less ventral,” the preserved tract is actually
more diagonally placed, cutting across both ventral and dorsal planes, indicating its entry into the
thoracic from nearly directly above. Further, the diagonal nature of the reconstructed segment is
actually somewhat dorsally placed, once the neck muscles are reconstructed. It is suggestive that
perhaps those who argue in favor of a ventrally placed trachea have been mistaken about its
placement by not considering its placement in vivo. Just looking at the fossil as is, it is certainly
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possible to see how and why these authors argue ventral positioning. There does appear to be a
substantial gap between the cranialmost portion of the trachea and the ventralmost border of the
centra of the cervicodorsal vertebrae, but this is purely illusory. In reality, this organ’s in vivo, in
life, position must be considered. In so doing, hypaxial cervicodorsal muscles must be added,
which, once done no longer gives the trachea the appearance of being ventrally distant from the
neck. In fact, preserved hypaxial muscles exist ventral to D2-D4. These can give a reasonable
picture of how far ventral to reconstruct hypaxial musculature. These muscles (e.g., m. longus
colli ventralis and m. scalenus) would span as far down as the cervical and first dorsal ribs. Thus,
there would be even less room left in the thoracic cavity for a turn to occur so that the trachea
may enter/exit the thorax. In fact, there is only about a 1.5 mm distance from the cranialmost
edge of the reconstructed trachea and the lower boundary that muscle would span (see Fig. 2.21).
So, the trachea could be argued to be more dorsally positioned. It is so closely situated to the
muscles that there would need to be a very sudden and sharp U-turn as well as a sharp twist in
the trachea to get it from an oblique position to lie flat along the cervicals (as would be the
proper position for a trachea following a normal path). At its most anterior section there is no
indication whatsoever of any right curvature which would indicate the trachea as heading along a
normal medioventral path. The trachea can, however, be seen to enter the thorax at such an angle
as to indicate that if the reconstructed segment were extrapolated cranially, it would be
immediately hidden behind (left lateral to) the cervical vertebrae.
Thus having outlined all of the above arguments (oblique and rotation, 70˚ angle,
straightness of segment, and dorsal position in the caudal region it is in) it would appear that the
most efficient, comfortable, ergonomic, and practical pathway for the trachea would be an avianlike lateral placement (Fig. 2.21). Dal Sasso and Maganuco (2011) say of the tracheal rings,
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“Cranially to the furcula, they fade into the mass of neck tissue” (p. 141). This might suggest
even more so that the trachea is already headed on a straight trajectory (and thus laterally), and it
is becoming buried underneath neck musculature as would be expected. However, it is possible
that this fading could be the result of right lateral muscles falling on top of the preserved trachea.

Figure 2.21. Reconstructed trachea superimposed onto the skeleton. The overall pathway is
easily extrapolated from the reconstruction. Hypaxial neck muscles (colored here in green)
would extend as far down as the vertebral ribs, leaving roughly 1.5 mm of room left in the
thoracic cavity. As the trachea is seen dorsally, with such tilt, with such angularity, and with such
straightness, the implication exists that the trachea will be buried beneath the muscles and
vertebrae suggesting a lateral pathway.
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Due to the oblique and rotated nature of the trachea, it can be observed that the dorsal
side of the trachea faces somewhat medially toward the vertebrae. These oblique and rotated
observations are very important factors as they fulfill predictions of lateralization. It is, however,
perhaps possible for the trachea to assume a normal pathway, as will be discussed. It is just
neither the most practical nor seemingly comfortable route. In light of avian tracheal placement,
or rather displacement, this positioning makes sense too. In the dissected birds, it could clearly
be seen that not only was the trachea running lateral to the body of the neck, but it even entered
the thoracic region while on its side at the most dorsocranial point (see Chapter 1). Of course, the
trachea straightened out to lie horizontal to the vertebrae before branching into the bronchi and
lungs. It probably also similarly straightened in Scipionyx. Nonetheless, the preserved segments
are not immediately adjacent to the lungs so there remains plenty of space to accomplish this
gradually.
Three hypothesized pathways were tested: in situ lateral, in situ normal, and normal nonin situ. Using a trachea dissected out of the American robin, Turdus migratorius (lateral tracheal
diameter of 3 mm and dorsoventral diameter of 2 mm), the pathways were plotted out and the
length of the trachea was manipulated to determine the feasibility of alternative possibilities.
Both the cranial end and carina of the trachea were pinned down while the mid-region was
manipulated by strategically placed pins to fit what would be expected of the preserved trachea
achieving various hypothesized pathways. The first pathway, the avian in situ lateralized style, is
extremely easy to achieve and has already been discussed. It would only require the trachea to
proceed on a straight angle and trajectory, which it already does in the American robin.
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The second pathway (Fig. 2.22 for Scipionyx and Fig. 2.23 for Turdus), or a normal path
stemming from the in situ preserved trachea, is much more difficult to achieve. This pathway
would first require a twist to straighten the trachea out of its current oblique angle and rotation.
Second, an immediate and sharp right-angle turn would have to occur to avoid running into the
bottom of the hypaxial muscles of the neck which are a mere 1.5 mm away. Last, it would need
to bend/come out toward the observer to avoid continuing a course where it lies behind (left
lateral to) the neck and be positioned in the midline to the neck and body. While the American
robin’s trachea was capable to a degree of making large sudden bends, there was much difficulty
in keeping the distal end of the trachea at such an oblique angle while simultaneously making the
large required bends. It was a struggle to simply get the trachea to make the necessary sudden
right-angled turn and hold it there. The only real way the resulting normal pathway (seen in Fig.
2.23) could be achieved was by forcing the trachea into such an awkward position. Tracheas
have no problem running straight, nor any problem with curves, but they do have issues
achieving sudden sharp right-angle bends. Such a position, which essentially requires a 90˚
horizontal bend, is not practical, requires forceful manipulation, and ultimately is not likely. If,
however, one or another of the variables is adjusted, or if the preserved section were actually
originally more anterior (i.e., major distortion shifted the preserved segment more caudal than it
should be), then there would be little difficulty in achieving a normal position. Considering
previous authors have used the in situ location of the trachea for their arguments of the meaning
of its placement, and given that there has not been any suggestion nor any evidence of major
distortion on the trachea, these arguments require far more speculation. Therefore, it is concluded
that while the in situ normal pathway is plausible, the avian-style lateral positioning works far
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better and more seamlessly and effortlessly meets the given observations with almost no
adjustments needed.

Figure 2.22. Comparison of pathways extrapolated off of the preserved tracheal segments.
Lateral and normal (from an in situ tracheal position) routes presented as well as a non-in situ
normalized route.
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Figure 2.23. Trachea of Turdus migratorius manipulated to fit a proposed normal pathway from
a reconstructed original fossilized position/angle of Scipionyx. Colored lines = 5 mm and
represent the larger segment (red and blue line) and a somewhat shorter distance a horizontal
segment would need to take to parallel the curvature of the neck (blue). Note that this
demonstration still did not account for yet another turn near the base as the trachea would head to
the lungs. If illustrated, the trachea would create an unusual stair-step pattern.

Last, a normal position might be argued in the sense that we have just outlined wherein
the preserved trachea’s location is not in situ but was instead largely distorted and shifted. In
such a case, the trachea would simply make a curve running parallel to the neck. Curving is not a
problem for a trachea; however, it again assumes major distortional forces have shifted its
position. This is rather unlikely. Ultimately, the lateralized position made here requires only one
assumption – little to no distortion has acted on the in situ trachea (of course the small caudal Crings were rotated and moved slightly out of line). The normal non-in situ pathway requires
several ad hoc caveats however. It requires assumptions that the trachea has been significantly
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distorted so as to have been simultaneously (1) obliquely oriented and requiring a sharp turn
toward the observer to get back on the midventral line; (2) rotated so as to have turned the
mediodorsal point to face medially such as the avian lateral position rather than face dorsally; (3)
strongly angled rather than lying horizontally in the region it is preserved in (which presented the
obstacle of overcoming an incredibly sharp right angle turn to avoid running into a muscle 1.5
mm away; (4) or rather than assuming horizontality, having been greatly shifted caudally
backward so that the angle no longer runs “unobstructed” to the lower jaw but becomes
obstructed by the cervicals.
Though it might be possible to remain confident in these established interpretations, it is
possible that taphonomic distortion could have altered the segments and thus the overall
interpretations. For example, Dal Sasso and Maganuco (2011) do say that the left pectoral girdle
had diagenetic compression, which may have had an oblique component. Thus, some oblique
distortion on the pectoral girdle may have affected the nearby trachea to be slightly more oblique
than in life. Further, though a nearby calcite vein does not touch the trachea, it does lie within
proximity paralleling the tracheal path. The calcite vein may have mechanically interfered in the
nearest parts of the carcass, provoking deformation of the bone and soft tissue where they were
crossed (Dal Sasso and Maganuco, 2011). Paul (2002) commented that because the tenth cervical
vertebra exhibits some ventral displacement, the displacement could have moved the trachea
from a more dorsal life position. It is this author’s opinion that as the trachea is not within
immediate proximity of C10, the insignificant distortion on C10 would not have dramatically
affected tracheal position, if at all. Additionally, C10 is displaced cranioventrally (down and to
the right), whereas the trachea’s current path is down and to the left. A cranioventral force would
likely only serve to drag the cranial part of the trachea ventrally, creating a lower angle.
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Therefore, cranioventral distortion on the trachea from the tenth cervical seems unlikely. Lastly,
Dal Sasso personally believes that at least some very slight distortion has probably caused the
rotation and oblique orientation observed (pers. com., Dal Sasso, 2014). On the other hand,
obliquity with rotation is to be expected and is a natural, readily observable occurrence to the
avian lateralized trachea. It fulfills a prediction of lateralization.
Nonetheless, the case for a lateralized trachea is strong and can be achieved in a few
distinct ways. The trachea may have run laterally from the posterior section of the neck to the
midsection, gradually becoming normalized where it then became normal in the upper midsection to the cranial region. This is in contrast to suggesting a lateralized course throughout the
entire length of the neck. Such a course is reminiscent of that which was observed in some of the
pigeons in which the trachea gradually became lateralized and more lateral in the mid and
posterior sections of the neck, or like the American coot and Canada goose which lateralized the
trachea and esophagus only in the posterior region.

2.4.4. Reconstructing the Esophagus and its Pathway
The baby Scipionyx specimen also has a faintly preserved outline of the esophagus (see
Fig. 2.3 and 2.13). No actual esophageal tissue was preserved, merely a discernable outline in
which scaly squamous elements lie (Fig. 2.24 and 2.25). The esophagus is about as long as the
larger segment of trachea at roughly 5 mm in length and 1.5 mm in width, and it is located in a
position where it somewhat parallels the trachea. Given the width, it is suspected that, like the
trachea, the esophagus might be tilted on its side, or perhaps more likely, there is a laterally
compressed outline (thus the outline represents height and not width). The esophagus is a mobile
organ which remains flat and undistended unless food is passing through. It would seem unlikely
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that a third dimension would be seen as the esophagus should normally remain undistended
unless a bolus were present and stuck in that specific location. Though scales are present, they do
not represent a significant enough size to distend the esophagus. As it is preserved as nothing
more than a mere outline, a third dimension would not be preserved nor are there any indications.
Unlike the trachea with its distinct and definite structure, the flat, flexible, and mobile nature of
the esophagus makes for a particularly difficult assessment of measuring size and trackway.
Nonetheless, it is still possible to carry out an interpretation of size and pathway, though the
esophageal assessment is more speculative than the interpretation of the trachea.

Figure 2.24. Close-up of fragmented scaly/squamous elements (indicated by arrows) from the
esophageal section (scale bar = 0.5 mm). From Dal Sasso and Maganuco (2011) with permission.

Figure 2.25. All of the preserved food items seen in Scipionyx samniticus. Scales exist in the
esophagus. From Dal Sasso and Maganuco (2011) with permission.
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Assuming that the preserved width of Scipionyx’s esophagus is representative of a nearly
accurate undistended width, then this theropod dinosaur’s esophagus reflects a size more
consistent with that of a bird’s than a crocodylian’s. In birds, the undistended esophageal width
is nearly equal in size to the tracheal width. Alligator, however, possesses an undistended
esophagus that is approximately 2.3 times greater in diameter than its trachea. In many bird
specimens examined, often the esophagus folded or rolled up on itself which, if left unaccounted
for, would certainly give the appearance of a smaller diameter. Rolling up of the esophagus
could also be an explanation for the size of the preserved esophageal outline.
Based on size, the apparent angle and directionality, and assuming a linear trajectory, the
esophagus’s pathway is constructed below in Figure 2.26. The esophagus is flexible and mobile
throughout the length of the neck of birds owing to its elastic histology and normally flattened
nature. Because of these factors, the esophagus can and does change position suddenly and quite
readily with no issue. The trachea on the other hand, while certainly flexible and capable of
making turns and twists, due to its more rigid and more definite structure, has limitations.
Therefore, it is not easily figured what its pathway is as it is capable of such a huge array of
movements and positions and its flattened nature. The esophagus has a lower angle than the
trachea (about 40˚ respect to horizontality of dorsal vertebrae), based on the linear projection. It
appears that the esophagus is overlapping, or would be overlapping, the preserved tract of
trachea. Thus, the esophagus is dorsal to the trachea as it should be. As scales are seen in it, it is
likely that the inside of the left side of the esophagus is observed; however, it is difficult to
determine if the slight lateralization was right or left lateral. Given its current projected pathway,
it appears to be headed on a slight lateral or a near normalized path.
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Figure 2.26. An approximate initial interpretation of the esophageal path based on its readily
apparent size, angle, and direction. A representation of a supposed normal pathway added too.

In birds, the trachea and the esophagus are typically both lateralized together, though the
way in which they lateralize may differ intergenerically (i.e., pigeons have the trachea left lateral
and the esophagus right lateral; ducks have both the trachea and esophagus right lateral together;
hawks have both lateral together on the left side) and even interspecifically. It is difficult to tell
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what would be the most likely scenario for Scipionyx based solely on the in situ placement of the
esophagus. If what we are truly seeing is the inside (therefore a reconstructed top part might
mean viewing of the right dorsal side) of the esophagus, then the esophagus could follow a
lateral path much like that observed in hawks in which both the trachea and esophagus run
together along the left side of the neck. So, in Scipionyx they would run together along the left
side (so as to keep the dorsal sides of the trachea and esophagus facing medially, or toward the
vertebrae). This is, however, too hard to determine accurately. Perhaps, the configuration of this
compsognathid is more like that of the Nile crocodile, in that its trachea may have been lateral
while its esophagus ran in the midline of the body. As the Nile crocodile only has lateralized one
organ because of certain muscular, morphological restrictions to which birds are not constrained,
and given the muscular similarities between crocodylians and theropods, it is less conceivable
that theropods had both organs lateralized together. Lateralizing both organs would congest the
two into a small, cramped area between muscles and leave a lot of crucial room in the midline
(and the other side) vacant. Thus, if the esophagus was lateralized with the trachea the two would
be wedged together in a small area bordered dorsally by the m. scalenus + m. longus colli
ventralis, laterally by the m. sternomastoideus, and ventrally by the m. omohyoideus, m.
sternohyoideus, and m. episternobranchialis. Additionally, much needed and vitally important
room for esophageal expansion to swallow potentially large-sized boluses would be altogether
lost in such an arrangement. On the other hand, lateralization like that of the pigeon with one
organ on one side and the other organ on the other side (that is, they are not lateralized together
in the same region) is very plausible and is equally probable.
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2.4.5. Theropod Phylogenetics and Interpretations
Now that a strong observational basis of support in favor of Scipionyx demonstrating
displacement has been established, new extant phylogenetic brackets and inferences may be
justified. Scipionyx was initially given a Level IIʹ inference. Now that it is demonstrated that
Scipionyx most likely did have displacement, it can be inferred as a Level Iʹ inference (Figure
2.27).

Figure 2.27. EPB reassessed. The direct observational evidence from the fossil indicates that
Scipionyx samniticus decisively and positively had displacement. Thus, a Level Iʹ inference is
made.
Further bracketing can now be made as well where Scipionyx stands as an “extant” taxon
to bracket others. Scipionyx may be used as a derived taxon bracketing other extinct taxa
between it and a more basal Crocodylia group (Figure 2.28). Likewise, it may be used as a basal
taxon to bracket other groups between it and more derived Avialae (Figure 2.29). Those groups
bracketed between it and Crocodylia would be inferred at a IIʹ level as Crocodylia is ambiguous
while Scipionyx (like Avialae) is positive. Those bracketed between it and Avialae would be
given a Iʹ level as both Avialae and Scipionyx show decisive and positive existence of
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lateralization. Just as the placement of the trachea is highly diverse in birds as it is in
crocodylians, dinosaurs too probably exhibited a variety of tracheal positions.

Figure 2.28. “Extant” phylogenetic bracket where Scipionyx serves as a derived “extant” taxon.
A few notable groups of interest (like tyrannosaurs) are added for assessment. Intermediate
groups would be given a IIʹ level of inference.

Figure 2.29. “Extant” phylogenetic bracket where Scipionyx serves as a basal “extant” taxon to
assess intermediates between it and Avialae. Such groups of potential interest (like
Ornithomimosauria and Dromaeosauridae) would be given a Level Iʹ inference. Tree based off of
Dal Sasso and Maganuco (2011).
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2.5. Conclusions
Various authors (e.g., Dal Sasso and Signore, 1998a, b; Ruben et al., 1999; Chinsamy and
Hillenius, 2004; Quick, 2008; Dal Sasso and Maganuco, 2011) have stated that there has been
little to no taphonomic distortion of this fossil and that the organs, including the trachea and
esophagus, have been faithfully preserved in situ. However, it is important to note that
taphonomic distortion could still have altered the segments and thus the overall interpretations.
For example, it could be argued that as Dal Sasso and Maganuco (2011) say of the left pectoral
girdle that diagenetic compression may have had an oblique component, perhaps the surrounding
trachea experienced very subtle oblique distortion too. This is a major point of interest as
obliquity is a telling sign of avian laterality. It remains difficult to tell whether the obliquity and
rotation are a result of distortion or were naturally like that and faithfully preserved in situ. As
discussed, even if natural obliquity is conceded, lateral orientation does not have to be
abandoned. This is because the rest of the evidence (angle, direction, somewhat dorsal
placement, and spacing left in the upper thoracic) all favor a lateral interpretation. In the absence
of evidence of such significant interpretation-altering distortion (and the preponderance of
authors supporting little to no distortion of the skeleton and organs), the views of a lateralized
trachea are justifiable and have been well supported.
While assessment of the esophageal course is more speculative and more difficult to
piece out due to its highly mobile, flat, and elastic nature, it was still reasoned that the most
likely course it took was a right lateral or near normal medioventral one. Therefore, the overall
reconstruction is comparable to that of either a Nile crocodile in that the trachea might be
lateralized while the esophagus remains straight, or like that of certain birds where there was
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separated lateralization, with the trachea on the left and the esophagus on the right side. The
overall crocodylian interpretation of the trachea of Ruben and others (1998, 1999) and Quick
(2008) is potentially somewhat correct but for the wrong reasons (i.e., the in situ tracheal
segment is not ventral as they argued, as that is nothing more than an illusion created by not
viewing it in vivo). The trachea does, however, clearly head in the ventral direction and so a
ventrally situated lung could be correct. Nonetheless, it still remains highly plausible that the
trachea might dip ventrally only to curve posterodorsally into the thorax (like what we observe in
the Canada goose) to attach to a dorsally situated lung. In fact, morphological evidence from
thoracic rib and vertebral anatomy supports a more avian-like respiratory system (Schachner et
al., 2009; Schachner et al., 2011). Further, extant phylogenetic bracketing suggests all archosaurs
likely possessed dorsally attached multichambered unidirectionally ventilated lungs with
heterogeneously partitioned parenchyma (Farmer, 2010; Farmer and Sanders, 2010; Schachner et
al., 2011). A dorsally positioned avian-like lung placement for non-avian theropods and an
avian-like respiratory system are well supported (Perry and Reuter, 1999; O’Connor and
Claessens, 2005; Klein and Owerkowicz, 2006; Codd et al., 2007; Schachner et al., 2009;
Schachner et al., 2011). If it is correct that the trachea is dipping ventrally only to curve
posterodorsally, then not only does Scipionyx represent the first known dinosaur to exhibit
tracheal and esophageal displacement, but it would also represent the first known dinosaur to
exhibit tracheal elongation and looping (just like the Canada goose’s elongated trachea as
discussed in Chapter 1). Paul (2001, 2002) is correct in arguing that the tracheal placement does
not conflict with either crocodylian or avian positioning of the lung.
It is very fortunate that the segments of trachea that were fossilized were preserved in the
posterior cervical area. As it turns out, the posterior cervical region is the most informative
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region for assessing whether or not a fossil organism exhibits tracheal and esophageal
displacement. Anteriorly, the trachea of mammals, lepidosaurs, crocodylians, and birds all starts
out in the midline. Therefore an anterior segment would probably lead to an erroneous
assumption of normality despite the fact that in many birds in which the trachea becomes
lateralized gradually (and in crocodylians, when present), it too begins positioned
medioventrally. A midsection segment may also lead to falsely accepting one route over another
for the same reason. In such instances, it is safest to relate the fossil taxa to what we have
established for extant taxa in Chapter 1.
Posterior segments are the most informative due to the differing positions and angles of
the trachea as already outlined in great detail. A normal trachea would run ventral to and parallel
the vertebrae throughout. A lateral trachea would be seen to enter the posterior region at an
angle, and no ventral paralleling would be seen. Rotation and obliqueness should be expected.
Lastly, posterior segments are additionally informative as tracheal ossification proceeds in a
caudal to cranial sequence in birds after hatching (Hogg, 1982), and so it remains a somewhat
useful proxy for relative age determination.
Muscular reconstruction of the neck grounded in reasonable inferences via the extant
phylogenetic bracket suggests reconstructing a neck somewhat more like that of a crocodylian in
that rather than the m. cucullaris (our m. episternocleidomastoideus) being a thin dermally
attached muscle, it is an axial muscle. In this way, m. cucullaris is more restrictive and should
prevent a large amount of lateralization of the organs. However, despite these muscular
restrictions crocodilids still have a lateralized trachea; a dinosaur with restrictive musculature
could have had the same morphology. The extant phylogenetic bracket for non-avian theropod
dinosaurs suggests that it remains plausible for others to possess mobile, lateral tracheas too.

CHAPTER 3
FUNCTIONAL EXPLANATIONS OF THE EVOLUTION OF DISPLACED TRACHEAS
3.1. Introduction
The previous chapters have detailed which vertebrates exhibited tracheal and esophageal
displacement. Tracheal and esophageal displacement has been most well established in
archosaurs, including crocodilids, the small theropod Scipionyx samniticus, and aves.
The trachea lies between the prevertebral and pretracheal fascia and is loosely anchored
to the vertebral column within these fasciae (Snively et al., 2013). The trachea is normally held
less than taut between the hyolingual apparatus and the lungs. The avian trachea has been
described as a highly mobile organ (McLelland, 1989; Sakas, 2002; Snively, 2006, Snively et al.,
2013). It is as mobile as it is due to a reduction and modification of the infrahyoid and strap
muscles (e.g., m. episternocleidomastoideus/m. cucullaris capitis, m. sternohyoideus, and m.
omohyoideus) which would otherwise largely confine the trachea to remain in a more stable
position as seen in mammals. Tracheal muscles such as m. tracheolateralis, m. sternotrachealis,
and m. cleidotrachealis are also important as they assist in moving and stretching the trachea.
The trachea is also capable of shortening or stretching due to interannular ligaments between the
cartilaginous rings. The relative expansibility of the skin, as well as how thick it is, might also be
constraints. As the trachea is mobile, it can and sometimes does, along with the esophagus,
change position abruptly. It may even be situated well dorsolaterally in the caudal region of the
neck as it passes the caudal loop (Chapter 1 of this study).
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While previous chapters have detailed that the trachea and/or esophagus are arranged
asymmetrically in certain groups and traced the specific configurations, they have not addressed
the functional reason(s) as to why this might be adaptive. This chapter will focus on the
functional explanation or utility of this displacement and frame it within an evolutionary context.
It is hypothesized here that lateral displacement of these organs evolved in dinosaurs and birds to
function as an ever increasingly efficient bypass for an ever increasingly flexible neck. A more
loosely attached trachea would be beneficial for those birds with great demands on their necks to
form dynamic positions. It would, therefore, be predicted that certain variables of the cervical
vertebral column may correlate with great flexibility and may, at least, indirectly predict the
presence of the character.

3.2. Methods
3.2.1 Correlating Cervical Variables
While tracheal and esophageal displacement does not leave a direct osteological
correlate, other indirect correlates (osteological, functional, or even behavioral) can be made to
infer the character’s presence. As largely flexible necks are suspected to correlate with the trait,
at least within birds, indirect correlates might shed some insight into the character’s evolutionary
history. This serves as a first step toward better understanding the presence and function of
asymmetrically displaced tracheae and esophagi. Therefore, several important vertebral
characters which do impact flexibility will be briefly discussed. This discussion gives insight into
what groups of archosaurs exhibited more flexible necks.
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3.2.2 Comparison of Lengths of Necks and Tracheae
The length of the neck compared to the length of the trachea along the neck was
measured in various birds. These lengths were measured from photographs of specimens (with
scales) where the lengths of the ventral curves of the necks (arc lengths) were measured by
simple approximation by multiple hypotenuses. Lengths of tracheae were calculated as simple
linear segments as they course more or less straight. The lengths of the tracheae and necks were
measured while in a “neutral” state, with the neck in a more or less S-shape, and in a stretched
state, where the neck was stretched forward reducing the S-shape, making the neck more
straight. This comparison reveals how much distance the trachea avoids covering while it and the
neck are in a relaxed/neutral state versus how much distance the trachea must cover when the
neck is extended. Esophageal lengths along the neck are assumed to be equal to tracheal lengths
(as they most frequently travel together).

3.2.3 Tracing Character History
A simple cladogram tracing the character history of displacement was made using
MESQUITE software (Maddison and Maddison, 2011) to evaluate the most parsimonious
evolution and distribution of the trait.

3.3. Results
3.3.1 Correlations and Attributes Associated with Flexible Necks
Taylor and Wedel (2013) established, for sauropods and some theropods, correlates of
long, and often flexible, necks. Certain traits are adopted and discussed here, including cervical
vertebral number, cervical ribs, type of vertebrae and their articular faces, and zygapophyseal
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articulation. Another possible correlate for long necks discussed by Taylor and Wedel (2013) is
small head size. The small heads seen in birds and many theropods (e.g., compsognathids,
ornithomimosaurs, and coelophysids) reduce the required lifting power of the necks, which in
turn allows necks to be longer (Taylor and Wedel, 2013).
Bird necks are incredibly flexible due to many articulating elements. Their necks are
kinematically redundant, allowing for far more degrees of freedom than are required to move the
head (Bout, 1997). For example, the neck of the ostrich is capable of being flexed 180˚
backwards (Dzemski and Christian, 2007). Maximum flexion can be achieved with a minimum
of pre- and postzygapophyseal overlap (Van Der Leeuw et al., 2001a). The neck of many birds is
adapted to continuous and varied movement (Van Der Leeuw et al., 2001a). Bird cervical
vertebrae articulate around a saddle-shaped joint (articulation intercorporalis) at the base of the
vertebral body and two sliding joints at the top (articulation zygapophysialis) which results in
large dorsoventral and small lateral rotations (Van Der Leeuw et al., 2001a).
Boas (1929) divided the bird neck into three regions. Region 1 allows mostly ventral
flexion. Region 2 allows mostly dorsal flexion. Region 3 allows ventral and dorsal flexions to a
limited extent. The most important variables are the total number of vertebrae, how many
vertebrae are in each of the three regions, and vertebral dimensions (Boas, 1929; Van Der
Leeuw, 1992; Van Der Leeuw et al., 2001b). Data from Müller and others (2010) provided
average cervical numbers for groups of interest, with birds averaging 14.82, theropods with 9.8,
pterosaurs averaging 7.99, and crocodylians with 8.75 cervicals.
Saddle-shaped cervical centra (transversely broad anterior surface articulating with a
posterior surface that is taller than it is broad) allow a greater range of flexion than the more
circular, less flexible articulations of most archosaurs (Paul, 2002). Zygapophyses with large
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articular surfaces also facilitate considerable flexibility (Paul, 2002). Loss of overlapping ribs in
the necks of the more avian dinosaurs and birds worked together with saddle-shaped centra
articulations to enhance neck flexibility further (Paul, 2002). The cervical ribs of birds are nonoverlapping and provide the point of insertion for various hypaxial muscles (e.g., m. flexor colli
lateralis, m. flexor colli medialis, and m. longus colli ventralis; Zweers et al., 1987; Baumel et
al., 1993). Further, tendons which insert on the ribs overlap and slide freely past each other
longitudinally (Taylor and Wedel, 2013). The long cervical ribs of theropods and sauropods
functioned similarly to the short cervical ribs and long tendons of birds, as the insertions of long
hypaxial muscles (Taylor and Wedel, 2013).
Table 3.1 provides a comparison of major archosaur groups of interest and what
conditions their vertebrae possessed. As birds are well known for largely flexible necks as
discussed, the closer the other groups align to avian features, the better the likelihood they too
would have exhibited a great range of flexibility. Theropods and pterosaurs are seen to parallel
closely the characteristics of bird cervicals. This would suggest these groups also possessed
considerable neck flexion. Unfortunately, studies are lacking for many dinosaurian groups and
pterosaurs which actually quantify the range of movements.

147

Table 3.1
Possible Factors Affecting Flexibility

Group

Type of Vertebral
Centra

Cervical
Articular Faces

Aves

saddle-shaped

broad

Theropods

(some) saddle-shaped

broad

Pterosaurs

saddle-shaped

broad

Cervical Ribs
short with long tendons
with sliding articulation
long, slender with sliding
articulation
absent (some primitive
forms possess)

Crocodilians

procoelous

more circular

thick, tightly bound

Zygapophyses
large articular
surfaces
large articular
surfaces
large articular
surfaces
small articular
surfaces

3.3.2 Comparisons of Tracheal and Neck Length
Measurements of the length of the neck and the length of the trachea of several species of
birds revealed significant differences in trachea/neck lengths (Table 3.2). The difference between
the length of the neck and the length of the trachea (in neutral posture) differed substantially
from the stretched posture measurements in most cases. On average, the percent difference in
neck and tracheal measurements for the neutral posture was 25.5% while the stretched difference
was 6.25%. Due to inferred muscular constraints, displacement in Scipionyx samniticus is only in
the posterior region of the neck. Additionally, it constitutes only a small amount of lateralization
(~ 5%).
3.3.3 Tracing Character History
A cladogram tracing character history using a maximum parsimony model can be seen
below in Figure 3.1. As direct fossil evidence for tracheal and esophageal displacement is
scarce, the trait’s history is poorly resolved. It is possible that the trait is symplesiomorphic for
Archosauria, although several alternatives could also exist. The tree may very well represent
independent evolutions of the trait.
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Table 3.2
Differences in Neck and Tracheal Lengths in Birds
(*) denotes measurements of a stretched neck.

Species
Aix sponsa
Aix sponsa*
Anas platyrhynchos
Anas platyrhynchos*
Branta canadensis
Ardea herodias
Phalacrocorax auritus
Phalacrocorax auritus*
P. auritus baby
P. auritus baby*
Rallus limicola
Rallus limicola*
Larus delawarensis (1)
Larus delawarensis (2)
Larus delawarensis (3)*
Falco sparverius
Falco sparverius*
Strix varia
Strix varia*
Seiurus aurocapilla
Seiurus aurocapilla*
Turdus migratorius (1)
Turdus migratorius (2)
Turdus migratorius (2)*
Cardinalis cardinalis
Cardinalis cardinalis*
Bombycilla cedrorum
Bombycilla cedrorum*
Scipionyx samniticus

Length of
Length of
Percent L(tra)
Percent Differences
Neck (mm)
Trachea (mm) to L(neck)
in Length
119.4
82
68%
32%
123.1
120.7
98%
2%
155.6
130.7
84%
16%
156.7
150
96%
4%
232.7
194.2
83%
17%
408
294
72%
28%
183.2
128.3
70%
30%
205.9
201.2
97%
3%
75
58.7
78%
22%
76.3
75.9
99%
1%
65.2
34.1
52%
48%
66
59.9
90%
10%
82.1
58.7
71%
29%
94.4
60.2
63%
37%
109.6
94.1
85%
15%
62.3
48.6
78%
22%
62.6
57.6
92%
8%
81.4
80.6
99%
1%
82.3
81.5
99%
1%
40.8
29.5
72%
28%
60.2
57.1
94%
6%
45.8
34.8
76%
24%
43.7
39.7
90%
10%
44.1
43.6
98%
2%
41.7
31.4
75%
25%
42.1
36.6
87%
13%
36.3
22.5
61%
39%
37.1
33.5
90%
10%
57.8
55
95%
5%
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Figure 3.1. Maximum parsimony reconstruction for tracheal and esophageal displacement.

3.4. Discussion
3.4.1 Functional Explanations
Crocodylia
Though not all species possess it, archosaurs appear to be the only major group of
vertebrates which show tracheal and esophageal displacement as well as tracheal elongation and
looping. Alligator exhibits a normalized condition inhibited on its sides by strap muscles,
although the trachea is capable of being positioned slightly lateral to the esophagus at the base of
the neck (Chapter 1). Furthermore, Alligator lacks elongation and looping of the trachea. Reese
(1915) mentioned a lateral bend in the trachea of gavials. In the Nile crocodile, Crocodylus
niloticus, however, looping of the trachea in the chest occurs and the trachea is considerably
mobile to the point that the trachea is further lateralized. Looping of the trachea occurs in many
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crocodylians before hatching, but in others not until much later (Reese, 1915). Schachner et al.
(2013a) noted that smaller individuals of Crocodylus niloticus lacked looping and had tracheas
which ran along the ventral midline. As the Nile crocodile grows, the trachea becomes positioned
to run somewhat laterally along the neck and develops a longer sized trachea which loops inside
the thorax (Schachner et al., 2013a). The tracheal position, while running laterally, still remains
quite ventrally placed due to the infrahyoid and scapular musculature keeping it from coursing
along the entire side of the neck where it would then be considered midlateral or even
dorsolateral as in a bird.
In the case of the Nile crocodile, Crocodylus niloticus, it would seem that lateralization is
the result of elongation of the trachea and, as Schachner and others (2013a) showed, elongation
of the extrapulmonary primary bronchi which is drawn out into an S-shaped curve. Elongation of
the trachea and bronchi, by its nature, creates a laterally placed and more mobile trachea. This is
because elongation creates slack, slack creates mobility, and mobility unavoidably leads to a
trachea becoming as far lateral as possible. This elongation is not the result of an increase in the
number of tracheal rings (Reese, 1915). Analogously, holding a piece of string taut yields a
normal straight and tight line between the two ends. If more string is fed in, an inevitable loop
forms as a result of the excess. If a bit more string is fed in still, then not only will a small loop
be present but also the string will no longer be firmly held between the two ends, creating a
mobile and flexible string which will consequently lie to one side as part of its new excessive
nature (which incidentally makes it extremely difficult to stay more midline than lateral). The
glaring problem in understanding tracheal displacement in crocodylia is in understanding exactly
why the elongation occurs in the first place.
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One explanation could be related to the breathing system employed by crocodylians and
its effect on diving. The looping observed in crocodiles might be related to the caudal withdrawal
of the liver and with it the diaphragm. This is because crocodilians breathe using their unique
hepatic-piston mechanism. The crocodilian diaphragm is nonmuscular, adhering to the anterior
surface of the liver, while the posterior and ventrolateral aspects of the liver serve as the insertion
points for the m. diaphragmaticus (Ruben et al., 2003). The diaphragmatic muscle originates on
the proximal shaft of the pubis and the small, preacetabular portion of the ischium while a
ventral portion originates on the last gastralium (Ruben et al., 2003). When the diaphragmatic
muscle contracts, it pulls the liver posteriorly in a piston-like manner, which decreases pleural
cavity pressure, filling the lungs (Gans and Clark, 1976). The lumbar ribs in crocodylians are
reduced to allow lateral expansion of the viscera during inhalation (Hengst, 1998). When the
liver is contracted inferiorly, the lungs are drawn caudally. In doing this, the center of gravity
changes and allows the front half of the crocodile to sink in the water (pers. com., Joy
Reidenberg, 2014). Therefore, the looping trachea in the thorax and the lateralized, sinuous,
highly mobile trachea along the neck could be a diving adaptation and/or act as a slackening
mechanism so that the lungs can be withdrawn caudally during inhalation.
Another possible explanation may be that this mobility and lateralization benefits the
trachea in preventing it from being collapsed when the animal swallows large chunks of food, as
the trachea can just slide to the side. Crocodylians do not masticate. Rather they swallow
substantially sized boli whole. Having a trachea that is shifted out of the esophagus’s path
prevents ventral depression of the trachea as a bolus courses down to the stomach and thus
prevents potential collapse of the tracheal rings.
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Last, the looping in crocodilids might be related to vocalizations. Looping and elongation
are notably related to vocalizations within birds (Fitch, 1999), and crocodiles are actually
considerably vocal for reptiles. They become notably noisy during breeding seasons, otherwise
vocalizing only while in distress or fighting for territory or food. Males are especially known for
low-frequency, infrasonic (10 Hz) bellows; however, alligators are well known to do the same
(Garrick et al., 1978; Dinet, 2010) despite a lack of tracheal elongation and mobility. Perhaps,
though, crocodiles may have somewhat different calls or frequencies than alligators as a result of
the elongation.
None of these reasons, however, satisfactorily explain why crocodilids, but not
alligatorids, have displacement and elongation, as alligatorids breathe in the same way, feed
similarly, behave similarly, and live in similar environments/niches. Unfortunately, the question
remains unanswered at this time.
Aves
The lengths of trachea versus neck, seen in Table 3.1, indicate significant differences in
the lengths of the neck and trachea of birds when stretched and neutral. Due to the largely Sshaped curve of the avian neck, and the fact that tracheas most often head along a straight
trajectory across the side of the neck (thus, creating the shortest possible pathway), this is
unsurprising. As the neck is curvilinear, the curves of the neck (i.e., the “rostral and caudal
loops”) create added surface area and length. Because the avian neck has few muscular
constraints, the trachea may slide freely to one side. In doing this, the trachea becomes
simultaneously straight and relaxed (unstretched) as it avoids the bends and extra length.
Therefore, when the neck is extended forward, there is more available tracheal length to stretch
to than if it were forced to conform to curves which, necessarily, would keep the trachea in a
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more unrelaxed/stretched state. That is, if the trachea were constrained to conform to the Sshape, there would be less available stretch as it would already be stretched a considerable
amount. Therefore, lateralization is useful in allowing slack, or added tracheal (and esophageal)
extension, to keep up with the demands of the highly flexible and extendable avian neck. This is
further evident when comparing the relaxed neck and tracheal lengths to the stretched neck and
tracheal lengths. When stretched, the trachea extends to reach a length almost exactly equal to
that of the neck. Futher, this creation of the shortest possible path to the lungs also reduces
tracheal dead space.
Perhaps an additional explanation for displacement is due to feeding. As birds do not
masticate, but rather swallow prey items whole, this creates a larger sized bolus. Ostriches, for
example, are known to swallow animal prey whole, such as lizards and tortoises (Archer and
Godman, 1937; Meinertzhagen, 1954; Cramp and Simmons, 1977). Smaller boli may even be
held in the esophagus (Davies, 2002). A mobile esophagus and trachea capable of moving out of
one another’s way would certainly be useful to accommodate each other’s space (or the passage
of a considerable bolus).
Ornithodira
Recent studies have shown that unidirectional airflow, as opposed to the long-believed
tidal airflow (Perry, 1992), is probably a primitive character for archosaurs (e.g., Farmer, 2010;
Farmer and Sanders, 2010). Unidirectional airflow has even recently been discovered in the
savannah monitor lizard (Varanus exanthematicus), which raises the possibility that
unidirectional airflow is a shared feature of Diapsida (Schachner et al., 2013b). In addition, little
to no evidence exists to suggest that dinosauriformes and dinosaurs possessed a hepatic-piston
respiratory system, whereas overwhelming morphological evidence from thoracic rib and
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vertebral anatomy supports a more avian-like respiratory system (Schachner et al., 2009;
Schachner et al., 2011). Further, extant phylogenetic bracketing (Witmer, 1995) suggests all
archosaurs likely possessed dorsally attached, multichambered, unidirectionally ventilated lungs
with heterogeneously partitioned parenchyma (Farmer, 2010; Farmer and Sanders, 2010;
Schachner et al., 2011). A dorsally positioned avian-like lung placement for non-avian theropods
and an avian-like respiratory system is well supported (Perry and Reuter, 1999; O’Connor and
Claessens, 2005; Klein and Owerkowicz, 2006; Codd et al., 2007; Schachner et al., 2009;
Schachner et al., 2011). Pterosaurs, like dinosaurs, also possessed highly pneumatic bones, a
system of air-sacs, and also probably possessed avian-like lungs (Wedel, 2003; O’Connor and
Claessens, 2005; O’Connor, 2006; Claessans et al., 2009). Therefore, if dinosaurs and pterosaurs
were to have had displacement and/or looping, the functional reason would not be associated
with a hepatic-piston system as might be the case for Crocodylia. Rather, the reason would most
probably be associated with what has been correlated with birds.
Dinosaurs
The overall reconstructed neck of theropods follows that of Paul (1988), which is based
on the standard sigmoidal, S-shaped curve. The slender cervical ribs of theropods probably had a
sliding articulation with one another instead of being tightly bound together (Paul, 2002). In
contrast, crocodilians have a modest overlap of thick, inflexible ribs that are tightly bound to one
another (L.D. Martin et al., 1998), which creates cervical rigidity. Paul (2002) argued that it is
implausible that the long, S-curved necks of theropods were as inflexible as crocodilian necks as
argued by J. Martin et al. (1998). Some theropods (e.g., dromaeosaurs and ornithomimosaurs)
had saddle-shaped cervical centra (transversely broad anterior surface articulating with a
posterior surface that is taller than it is broad) rather than the more circular, less flexible
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articulations of most archosaurs (Paul, 2002). Theropods possessed zygapophyses with large
articular surfaces which favor considerable flexibility (Paul, 2002). Loss of overlapping ribs in
the necks of the more avian dinosaurs and birds worked together with saddle-shaped centra
articulations to further enhance neck flexibility (Paul, 2002).
Osteological evidence gives an idea of Scipionyx’s neck mobility. Dal Sasso and
Maganuco (2011) purport that in the cranial and mid-cervical neural arches, ventral bending of
the rostral half of the convex articular surfaces of the prezygapophyses probably permitted great
mobility and flexibility of the neck. Evolution of tracheal and esophageal displacement in nonavian dinosaurs as well as birds might be the result of an ever increasingly flexible neck.
While only touched upon in the Chapter 2, if it truly is the case that the correct
reconstruction of the theropod lung placement is, in fact, more avian with a dorsally attached
lung, then Scipionyx samniticus might not only represent the first known dinosaur to exhibit
displacement, but it may also represent the first known dinosaur to exhibit tracheal elongation as
well. Scipionyx, remarkably, almost exactly mirrors the tracheal course of the Canada goose
(Branta canadensis; Fig. 3.2). Likely, Scipionyx, like Branta, had a normalized tracheal and
esophageal location anteriorly while gradually lateralizing posteriorly. In both Branta and
Scipionyx, the trachea is seen to dip ventrally well below the cervicodorsals right at the
uppermost thoracic after having coursed along the side of the neck (the major difference between
the two is that Branta displays a right lateral tracheal placement while Scipionyx displays a left
lateral placement). In Branta, upon reaching the furcula, the trachea suddenly makes a sharp and
marked posterodorsal curve to reach the dorsally situated lung. Given an inferred dorsally
situated lung, Scipionyx would, no doubt, have done the same. A loosely attached trachea with an
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elongated component could serve the utility of allowing extra slack for an organ needed to
contort to a wide range of movements.

Figure 3.2. Suspected tracheal elongaton of Scipionyx samniticus compared to B. canadensis.
In avoiding following a normalized path but instead coursing laterally, the trachea of
Scipionyx is reduced in length along the neck by five percent. While only a seemingly small
amount of length is saved, it probably was significant as it allows the trachea to stretch a further
five percent when the neck is flexed backward or extended forward. Additionally, this condition
could certainly represent an evolutionary stepping-stone. As discussed with birds, the
displacement of the trachea serves to add slack for a flexible neck. Furthermore, it has been
thought Scipionyx possessed a rather flexible neck. Thus, the utility of theropod dinosaurs
possessing tracheal and esophageal displacement would be much like that of modern birds.
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Pterosaurs
Pterosaurs have elongate necks compared to other archosaurs, with the cervicals of early
pterosaurs being particularly long (Witton, 2013). They typically have nine cervical vertebrae
(Witton, 2013). Pterosaur cervicals often are the longest vertebrae in the body. Some longnecked pterosaurs have cervicals which may be eight times longer than wide (Witton, 2013).
Pterosaurs have extraordinarily slender, gracile, delicate, bird-like necks. Because the articular
faces between cervicals are broad, pterosaur necks may have been relatively flexible (Witton,
2013). However, tight interlocking between the cervicals of some long-necked pterosaurs may
have limited their motion (Wellnhofer, 1991; Frey and Martill, 1996). On the other hand, their
cervical articular faces suggest a good capability to arch the neck upward, but not look down
ventrally, while tight fits between the vertebrae may have limited vertebral rotational abilities
(Witton, 2013). Fossils of articulated necks confirm a great ability to arch the necks high,
dorsally (Wellnhofer, 1970; Bennett, 2001). Using extant phylogenetic bracketing, the muscles
of the necks of pterosaurs have been reconstructed by various authors (e.g., Hildebrand, 1995;
Bennett, 2003). Such reconstructions have typically presented pterosaurs with thin, bird-like
necks, although Witton and Habib (2010) suggest that parts of their necks were substantially
muscular. Inferred muscles of the neck include similarly inferred muscles of dinosaurs, including
m. levator scapulae, m. sternocleidomastoideus, and an m. sternohyoid-sternothyroid complex.
Therefore, similar muscular constraints of the crocodilians (Chapter 1) and the theropods
(Chapter 2) might also have persisted in pterosaurs, but may still have been overcome.
Aside from flexible, S-shaped, bird-like necks, it is reasonable to suppose that pterosaurs
possessed a lateralized trachea for other reasons. As some pterosaurs lack teeth, and none appear
to have chewed their food but rather swallowed prey whole (Ősi, 2010), tracheal and esophageal
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displacement is suspected. For instance, Wellnhofer (1975) described a fossil specimen of a
small Rhamphorhynchus which had swallowed a fish, the size of which occupies a tremendous
60% of the pterosaur’s torso length. This specimen indicates that pterosaurs had enormously
distensible esophagi. It further suggests that other neck tissues were stretchy, creating a bulged
neck whenever they swallowed large boluses (Ősi, 2010), while preserved outlines of pterosaur
necks do not indicate flappy, jowly throats (Witton, 2013). This suggests that to accommodate
such a large bolus, the trachea might necessarily need to be mobile. The esophagus may have
been situated opposite the trachea to alleviate such a problem. Lastly, pterosaurs have been
recently identified to have swallowed gastroliths (see Codorniú et al., 2009, for the first
discovery of gastroliths in the pterosaur Pterodaustro), and as gastroliths are regurgitated, a
mobile trachea and esophagus certainly does not interfere. Further, a regurgitate of four bird
skeletons is known from the Las Hoyas deposits of the Lower Cretaceous in Spain which is
suspected to be either dinosaurian or pterosaurian in origin (Sanz et al., 2001). Regurgitation is in
no way dependent on a lateralized trachea and esophagus, as amphibians and mammals
commonly regurgitate (Fisher, 1981; Myhrvold, 2012), but separated lateralization certainly
would allow for “optimal regurgitational comfort.”
Bradypus
A functional analogue for both evolution and purpose is seen in the three-toed sloth.
Wislocki (1928) suggested that its long trachea correlated with its mobile and flexible neck. The
three-toed sloth is capable of moving the neck anteroposteriorly to an angle of 270˚ while it can
rotate it three-quarters of a circle (Beebe, 1926). The tracheal loop acts as slack for when the
neck extends, flexes, or rotates to a significant degree. When the neck of the sloth is extended,
the loop diminishes in length by 2-3 cm (Goffart, 1971). Unlike in birds, the trachea of the three-
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toed sloth is neither particularly loose nor mobile laterally, but held in place by the surrounding
musculature. An important difference may be that sloths are herbivorous and chew plant matter,
greatly reducing particle size. So, they would not have to deal with issues caused by swallowing
large boluses.

3.5. Conclusions
Tracheal and esophageal displacement seems to be an archosaurian character. It could be
that tracheal and esophageal displacement is a symplesiomorphy of Archosauria. On the other
hand, it could be that the node (Gavialidae + Crocodylidae) independently evolved the trait as
did later groups such as advanced theropods, and perhaps even Pterosauria. It might also be that
the trait was independently evolved in Gavialidae + Crocodylidae while it became a
synapomorphy of Ornithodira, with certain groups within Ornithodira losing it. This work
supports the hypothesis that pterosaurs likely possessed the trait, whereas ornithischian and
sauropod dinosaurs did not. This means that the most parsimonious reconstruction would be that
the character evolved three times independently (gavials and crocodiles, pterosaurs, and
theropoda) for possibly different adaptive reasons. Further fossil finds are needed to shed light
on the character’s evolution.
It was hypothesized here that tracheal and esophageal displacement evolved within
certain Ornithodiran groups in response to increasingly more flexible necks. As it has been
established here that displacement correlates with a highly flexible neck in birds. Having a
trachea and esophagus situated on the side of the neck allows these organs to remain in a more
relaxed, unstretched state so that when the neck does extend and flex, the organs have much
more remaining extension. It is therefore most reasonable to suggest the trait corresponds to the
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flexible neck proposed in Scipionyx samniticus as well as other theropods. Likewise, should the
presence of the trait be demonstrated in pterosaurs, it would follow the same rationale. The
presence of displacement in certain crocodyliforms is a result of an elongated and looped
trachea. Further, it has been proposed here as a modification for a more efficient hepatic-piston
system and diving modification. However, these answers seem insufficient as alligators are
similar in too many of these aspects while not exhibiting the traits. More work is needed to
address and understand the issue fully.

CHAPTER 4
CONCLUSIONS
Snively (2006), as well as other authors, note that the trachea in birds is mobile and may
be lateral only in the most caudal region or near or in the thoracic cavity. However, the trachea in
most birds lies laterally for typically a much more significant length, if not the entire length.
Furthermore, despite Snively’s (2006) claim that in both birds and crocodilians the trachea lies
ventrally, the trachea of birds most commonly is situated midlaterally, although it certainly can
be situated ventrolaterally. A reduction and modification of infrahyoid, strap, and scapular
muscles permits great mobility and displacement for the trachea and esophagus in birds. If one is
trying to infer displacement versus normality in fossil groups, the most caudal region of the neck
is the best place with the most informative features. The young compsognathid, Scipionyx
samniticus, proved to be informative. Its in situ preservation in the caudal region of the neck and
clear defining features served as indicators of lateral placement. Not only was the Scipionyx
trachea useful in determining lateral displacement, but it can be reasonably seen to mirror the
pathway seen in the modern Canada goose. Finally, tracheal and esophageal displacement likely
evolved to suit the demands of an ever increasingly more flexible neck, as it allows the organs to
remain unstretched, reducing length.
4.1. Future Work
Further work should be done to quantify the range of flexibility exhibited by crocodylians
and theropod dinosaurs. Some work has already been done for a few birds by previous authors,

162

as well as for sauropods, yet such studies are lacking for theropods and crocodiles. I would like
to understand the range of craniocervical mobility in long-necked theropods such as
ornithomimosaurs, oviraptors, and therizinosaurs as well as shorter necked ones such as
dromaeosaurs, utilizing soft tissue data from birds to constrain the range-of-motion limits. Such a
study might make use of Dr. Kent Stevens’s DinoMorph™ software package to model these
groups’ vertebrae digitally and manipulate them into various poses assessing dorsiflexion,
ventriflexion, and lateroflexion capabilities. This would provide useful information into the
feeding behavior and ecology of these groups. Quantifying the range of motion of the neck of
theropods and crocodiles would help elucidate a more complete answer for the evolution of
tracheal and esophageal displacement (along with providing a useful study addressing the
biomechanics of these groups’ necks). Lastly, a functional explanation for why the trachea is
elongated in crocodiles still needs to be answered. Certain other computational and digital
analyses could be used to determine airflow rates, patterns, or movements and the effect a looped
crocodile trachea may have on these variables.
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APPENDIX
FOSSILS PRESERVING TRACHEAL AND/OR ESOPHAGEAL ELEMENTS
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Fossil Species
Source
Preserved Element(s)
Branchiosauridae
Eumicrerpeton parvum
Moodie (1910)
entire alimentary canal
Dolichosauridae
Pontosaurus sp.
MSNM V3662
?complete trachea
(Caldwell & Dal Sasso, 2004)
Varanoidea
Mosasaurus missouriensis TMP 2008.036.0001 long tract of trachea
Platecarpus tympaniticus
LACM 128319
several small articulated tracts of trachea
Saniwa ensidens
FMNH PR2378
complete tract of trachea
Theropoda
Sinosauropteryx prima
NIGP 127587
long tract of trachea separated from the body
Scipionyx samniticus
SBA-SA 163760
short tracts of trachea and esophagus
Avialae
Sapeornis chaoyangensis
STM 15-15
esophagus and crop
Euryapteryx curtus (Worthy & Holdaway, 2002) nearly complete tracheal tract
Emeus crassus
FMNH PA34
131 tracheal rings
Dinornis maximus
FMNH PA35
232 tracheal rings
Eurypyga helias
USNM 336377
partial esophagus
Foro panarium
USNM 336261
disarticulated tracheal rings
Salmilidae n. spp.
FMNH PA778
distorted + disarticulated tract of trachea
Salmila robusta
HLMD.Be 161?
short articulated tract of trachea
(Mayr, 2002)
Plesiocathartes wyomingensisWDC-2001-CGR-021partially complete tract of trachea
Tynskya eocaena
BSP 1997 | 6
complete tracheal tract
Cyrilavis colburnorum
FMNH PA754
disarticulated tracheal rings
Cyrilavis olsoni
UAM PV 2005.6.196 (?) partial tract of trachea
(Feduccia and Martin, 1976)

